



Spectral Image Quality in MARS 
 Scanners 
Mohammad Rayhan Uddin 
School of Physical and Chemical Sciences 
University of Canterbury 
A thesis submitted for the degree of 
Doctor of Philosophy in Medical Physics 








This thesis reports on contributions to the development of the MARS spectral CT scanner that            
incorporates the energy resolving photon counting Medipix3RX detector. The key novel feature 
of this scanner is that it uses the energy information to identify and quantify different materials 
simultaneously. 
 
The spectral and spatial performance of MARS spectral CT scanners is affected by the various 
factors. A spectral image library was created using distorted images to display spatial image 
deteriorations. This work is based on exploiting the vast capacity of the human visual system to 
process and interpret images to aid investigations into the relationship between geometric 
information and spectral information and consequent implications in material reconstruction. An 
important concept investigated in this thesis is that distortion in the spatial dimensions of spectral 
CT data induces distortion in the energy dimensions. 
 
To reduce the impact of spatial distortion on the reconstructed images, I was then involved in 
measuring the geometric offset parameters and calibrating the scanner correspondingly. 
Together with others, I developed a comprehensive geometric calibration method that enables 




 Experimental studies in chapter 3, have investigated the inter-scan and intra-scan variability of 
measured linear attenuation in repeated scans and using several composite and single materials. 
Chapter 7, studies the variability of photon counts in multiple energy counters. These 
measurements provide useful insights into the source of variation in the energy information 
content of MARS spectral CT images and indicate potential areas where future improvements in 
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1  Introduction 
1.1 Thesis Introduction 
This thesis reports on the development of the MARS spectral CT scanner, including: (1) 
producing a spectral image library; (2) investigating the measurement variation of the x-ray 
signal through different composite and single materials; (3) developing a new geometric 
calibration method to reduce spectral image distortion; and (4) Investigating energy domain 
measurements in repeated scans 
 
MARS is a quantitative color x-ray imaging modality that incorporates the Medipix3RX 
photon counting detector, developed by the Medipix3 collaboration hosted by the European 
Organization for Nuclear Research (CERN) [1]. A detailed description of the MARS spectral 
imaging system is discussed in chapter 2. For diagnostic purposes, there are several imaging 
modalities such as radiographs (plain film), conventional tomography (CT), ultrasound (US), 
magnetic resonance imaging (MRI) and are used. Each of imaging modalities have some 
drawbacks. 
 
Plain film radiographs produces 2D black and white images that are convenient to see bone 
fracture, however, it does not provide detailed images of the body [2]. Magnetic resonance 
imaging (MRI) and conventional CT scanners can overcome this problem, but they still have 
some limitations. MRI is particularly useful for scanning and detection of the abnormalities 
in soft tissue [3]. Despite MRI having a (2 to 3 mm) spatial resolution to image soft tissue, it 
does not provide quantitative tissue composition at the histological level. Conventional CT 
scanners measure the attenuated signal over the entire x-ray spectrum, therefore all materials 
produce same CT number at a certain concentration.  As a result of this it is not possible to 
separate the materials from each other [4]. Another disadvantage of conventional CT scanner 
is that it produces a high dose due to use of energy integrating detector [5] 
 
 
A key benefit of the MARS scanner is improved spatial resolution. The spatial resolution of 
the MARS scanner is 80 µm; that is six times higher than conventional CT scanner [6]. Due 
the use of multiple energy bins MARS scanner has better energy resolution than dual energy 
CT. It will provide quantitative tissue composition, not just the size, shape and location of 
the anatomy. The MARS scanner can measure the attenuated signal of different materials at 
different energy bins, and therefore it provides a different CT number for all of the materials 
simultaneously in a single exposure. It is also able to provide quantitative measurements 
equivalently in milligrams per milliliter of each material. More detailed discussion of the 
imaging characteristics and potential applications of MARS scanner are discussed in chapter 
2. 
 
The MARS scanner has the ability to collect complete spectroscopic energy information at 
every location in each image volume, therefore, it is a more informative imaging system than 
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other conventional imaging modalities. In this thesis, I developed a spectral image library 
for the MARS scanner. This will allow the user to identify the spatial image error of the 
MARS scanner. 
 
Initially, a framework was developed to create a spectral image library using the images of 
multi-contrast phantom. In this image library, I show how the spectral signal is being 
degraded under the perturbation of multiple geometric parameters. I also observe the impact 
of the geometric information on the material reconstruction. 
 
The spatial and spectral resolution of the MARS scanner is improved by characterizing the 
measurement variability. At the beginning of this work I investigated the sources of 
instabilities in the MARS scanner that have a significant impact on the reconstructed images. 
The motivation for doing this was to evaluate the inter-scan and intra-scan measurement 
variation of the spectral signal obtained from different materials. Measurement variations 
occur because of different sources of instabilities that originate from the geometric 
misalignment, inter-pixel variation, threshold drifting etc. 
 
The spatial resolution of the MARS scanner is sensitive to geometrical alignment parameters 
that are related to the gantry, the x-ray source, and the detector. Geometric misalignment 
causes artifacts in the reconstructed images, which can obscure disease diagnosis. In this 
thesis, I report on a geometric calibration method which allows us to measure the offset of 
different geometrical parameters, and can then be corrected in the image reconstruction. The 
key feature of this method is to systematically measure the geometrical parameters, as well 
as speeding up the processing time. 
 
Additionally, I studied energy domain measurements to investigate the threshold drifting in 
existing energy calibration method. Relative count rate capability of each charge summing 
counter with respect to arbitration counter was measured in this regard. 
 
During the course of my PhD, I was involved in the systems and applications development 
group to make the bill of materials for different scanner components. As part of this group I 
also assembled different multi-chip cameras. I was involved in documenting the procedures 
for the unpacking, and the inspection of the MARS-15 scanner that was returned to the lab 
after suffering damage. A list of all modifications, at both hardware and software level, were 
created. 
 
To share my knowledge in the wider science community, I presented my work at several 





1.2 Thesis goal 
The main goal of this thesis was to contribute to the development of the MARS spectral CT 
system. To achieve this goal, I have completed several inter-related studies that focus on: 
image library, measurement variability, calibration, and stability of the Medipix3RX 
detector. This work is motivated to provide knowledge and insights for improving material 
detection in MARS spectral CT. 
1.3 Scope of the study 
The MARS group is a world leader in spectral x-ray technology for molecular imaging of 
models of disease. The MARS project is a collaborative effort between many organizations 
around the world. The project is led jointly by the University of Canterbury, including the 
University of Otago (UOC) and Lincoln University. A company called MARS Bioimaging 
Ltd (MBI) was formed to productize the MARS technology. MBI has been building small 
animal spectral scanners since 2007. Several MARS scanner are being used for research 
purposes in different parts of the world, including Mayo Clinic (Rochester, USA); Notre 
Dame (ND) Integrated Imaging Facility (USA); JINR Dubna (Russia). In 2018, a MARS 
human scanner was completed and used to scan the body parts of a living human [7, 8]. 
 
1.4 Thesis outline 
I have structured this thesis in the following way: 
 
Chapter 1 provides an introduction to the thesis as a whole: goals of this Ph.D, scope of this 
study, advantages of spectral CT over conventional imaging modalities, and a brief 
description what has been improved during this study and thesis outline. 
 
Chapter 2 provides the background information to the MARS imaging chain. It provides 
details of MARS spectral imaging, overview of the photon counting Medipix detector, 
significance and working principle of photon counting detector, different operating mode of 
Medipix3RX, basic concepts of MARS spectral CT imaging, the different important modules 
of MARS imaging chain, imaging characteristics, different image quality parameters, and 
potential applications of MARS scanners. 
 
Chapter 3 reports on a pilot study to investigate the measurement variation in spectral signal 
from different materials in different MARS scanners. Inter-scan and intra-scan measurement 
variation of the mass attenuated signal of different materials was evaluated. This chapter 
focuses on how different instabilities such as geometric misalignment, inter-pixel variation, 
and threshold drifting produce noise that causes measurement variation in spectral CT. The 




Chapter 4 provides the information on the scanner geometry. It discusses the relationship 
between the gantry, x-ray source, and camera. Different axis and coordinate systems related 
to the geometry of the beam, and how ray passes through the voxel are discussed. The 
algebraic reconstruction technique also discussed in this chapter. The significance of the 
geometric parameters in future polychromatic reconstruction is discussed in detail. 
 
Chapter 5 describes the work of making the spectral image library using the image of the 
multi-contrast phantom. The impact of geometric perturbation on the reconstructed images 
and how they degrade the spectral signal in different materials at different energy bins is 
discussed. The impact of geometric information and spectral information, and implications 
for material reconstruction are discussed. This chapter also focuses on image difference and 
subtraction from the normal and distorted images. Different anatomical image planes (axial, 
sagittal and coronal) also illustrate and display the level of image distortion at the different 
slices and for each energy bin. 
 
Chapter 6 includes a method of geometric calibration that discusses the procedure for 
measurements of calibration offsets of a MARS scanner. 
 
Chapter 7 provides energy threshold stability measurements of a MARS scanner. Relative 
count performance of different charge summing counter was evaluated with respect to the 
arbitration counter to investigate the threshold drifting. 
 
Chapter 8 provides a discussion and summary of the material presented in the experimental 












2 The MARS scanner 
 
2.1 Introduction 
This chapter provides a brief overview of the physical features of the MARS spectral scanner. 
Section 2.2 outlines the MARS scanner and the Medipix photon counting detector. It includes 
the significance of the photon counting detectors, the photon counting mechanism, and 
operation of the modes of the Medipix detector. Section 2.3 reports on the fundamental 
principle of spectral imaging. Section 2.4 describes the MARS imaging chain and my 
contribution to it. Sections 2.5 and 2.7 provide imaging characteristics and potential 
applications of the MARS spectral scanner.  
2.2 MARS imaging with the Medipix detector 
The detector is a crucial part of computed tomography (CT) systems. The MARS scanner 
incorporates the state-of-the-art Medipix3RX photon counting detector. The Medipix3RX 
allows the user to count the number of x-ray photons in each of the energy ranges that passed 
through materials of the object. 
2.2.1 Significance of photon counting detectors 
Conventional CT scanners contain energy integrating detectors that absorb the x-rays and 
convert them into visible light. Such detectors add the x-ray flux over a certain period of 
time, with a weighting factor proportional to the energy of the absorbed x-ray quanta. As a 
consequence, the detector does not have energy resolution capabilities. Energy integrating 
detectors are not able to separate different materials from each other when electron density 
of the two materials is similar or which they are in fluid at unknown concentrations [9]. 
Photon counting detectors, on the other hand, are able to measure the energy of individual 
photons, and by using information about x-ray absorption at different energies, can 
discriminate several materials simultaneously [10].  Another advantage of photon counting 
detectors is the reduced x-ray dose to the patient. The reason for this is because energy 
information is extracted from each individual photon in discrete events. This means there is 
no background noise in low intensity exposure [9].Photon counting detectors are often use 
for K-edge imaging [11]. 
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2.2.2 Photon counting mechanism 
The detector investigated in this thesis is the Medipix3RX photon counting detector. The 
Medipix3RX detector converts x-ray information to electrical charge, which then is 
converted into a digitized number. When radiation is incident on a semiconductor material 
electron-hole pairs are created inside the semiconductor. Figure 2.2 shows a schematic 
diagram of the Medipix detector that illustrates this mechanism. The interaction probability 
between transmitted x-ray spectra, object, and the sensor layer depend on the incident photon 
and the energy. The electrons and holes drift towards the electrodes via an externally applied 
bias voltage. This seperation produces an electrical signal. The height of the signal is 
proportional to the amount of charge reaching the pixel electronics and corresponds to the 
energy released by the ionizing particle in the sensor. The signal is then amplified by a 
preamplifier to convert it into a measurable range. If the incoming signal exceeds the lower 
energy threshold, a counter in the digital part of the chip is incremented in this pixel as shown 
in Figure 2.2(c) [12, 13]. The Medipix detector is operated in single pixel mode (SPM) or 
charge summing mode (CSM). The latest version of Medipix detectors have eight counters 
including the three (SPM), four (CSM) and one arbitation counter. The CSM is a mode of 





Figure 2.1 Graphical representation of contributions from different types of photon 
interactions with soft tissue as a function of photon energy. The Compton scattering is a 







Figure 2.2 (a) A schematic view of photon counting hybrid detector. (b)The radiation 
generates electron-hole pairs (charge) in the sensor. The charge is collected to the 
appropriate pixel, amplified and compared with a pre-set comparator level (energy 
threshold). (c) The counter is increased if the detected pulse is above the lower energy 
threshold (THL) [12]. 
 
2.3 Concept of MARS spectral imaging 
MARS spectral imaging provides spectral CT data. This is obtained by counting the number 
of photons in multiple energy bands, and is often referred to as multi-energy CT. It is this 
splitting of the x-ray beam into multiple energy bins that gives rise to the term color x-ray 
imaging. The ability to count individual photons is provided by the Medipix detector (As 
was discussed in section 2.2). Due to the use of an energy resolving photon counting detector, 
the MARS scanner can discriminate between and quantify various materials in an object. 
The concept of MARS spectral imaging is explained in Figure 2.3. The MARS scanner 
achieves energy dependent information by exploiting the features of x-ray interactions. The 
MARS scanner produces 3D color images by measuring the x-ray attenuation at different 
energy bins over the entire x-ray spectrum. Once different materials have been recognized 
and located, different colors are assigned to each of them, to aid visualization of these 













Figure 2.3 Medipix3RX color detector (a) that is bump bonded with the sensor layer to 
produce an electron-hole pair by interacting with incident radiation and the sensor layer. 
The charge is then collected to pixel electrodes and via bump bonds conducted to the 
CMOS electronics layer. Each pixel has a user-defined energy threshold. (b) Those 
thresholds can be divided in up to eight individual energy thresholds over the entire x-ray 
spectrum. The red dotted line represents the energy threshold of the spectroscopic charge 
summing mode in an x-ray spectrum. (c) Due to the spectroscopic nature, it can measure 
attenuation difference of different materials at different energy threshold and (d) able to 
identify and quantify different materials in a different color [17]. Image courtesy: 
Christopher Bateman, Alex Chernoglazov and Lieza Vanden Brooke. 
 
 
2.4 The MARS imaging chain 
The MARS imaging chain consists of several systems and sub-systems. The main 
components of the MARS imaging chain are: the MARS scanner that incorporates the MARS 
camera, the MARS workstation, and the MARS vision workstation. A brief description of 




The MARS scanner is equipped with an x-ray source and camera that can operate at the 
diagnostic energy range of 20 keV to 120 keV.  Figure 2.4 illustrate the parts of a MARS 
scanner. The scanning unit consists of a rotating gantry that holds the x-ray source and 
camera. The rotating gantry is pushed by way of a computer-managed stepper motor. A test 
sample, with maximum field of view of 100 mm diameter and 270 mm length, is positioned 
in the center and can be moved along the rotation axis. The operation of the scanner after 
sample insertion is by a Graphical User Interface (GUI).  The camera and the source are 
placed on the gantry on opposite sides. The scanner is designed with the adjustable source to 
detector distance (SOD) and axis to detector distance (ADD) so that the user can easily alter 
the magnification [18]. 
My contribution to this part of the imaging chain was to develop a geometric calibration 
method for the MARS scanner (it is explained in chapter 6). To this extent, I measured 
different geometric offset parameters of different scanner components. 
 
 
Figure 2.4 The interior part of the MARS scanner (gantry, x-ray source, MARS camera, 
and sample holder). The predominant geometric parameters are interrelated with the 






A MARS camera is equipped with several of Medipix3RX detector chips that are located in 
the detector mounting assembly. Apart from the chip assembly, there are some other 
electronic components such as high voltage board, readout board, ASIC circuit, and 
transition board. The MARS camera can be translated both radially and tangentially to 
control the object to detector distance and to cover the span of the specimen with a narrow 
cone beam. Figure 2.5 and Figure 2.6 show the interior of three chip and seven chip MARS 
camera. I produced the bill of materials of different MARS cameras and assembled a multi-
chip MARS camera and calculated the geometric offset to measure the inter-chip gap and 
chip skewness. 
 
Figure 2.5 Interior image of the three CZT Medipix3rx MARS camera that consists of the 














Figure 2.6 Interior image of the seven chip CdZnTe Medipix3rx MARS camera that 
consists of the detector assembly, readout, and high voltage board. (Image courtesy:Prof. 
Anthony Butler) 
 
2.4.3 MARS image processing 
The images saved in the MARS console are transferred to an image processing system for 
pre-processing, image reconstruction and material discrimination. This workstation 
processes the raw and reconstructed data in DICOM format. These components enable the 
researcher to analyze the spectral CT data and produce spectral images using different 
techniques [20]. 
2.4.4 MARS Vision 
The MARS Vision workstation allows the users to visualize reconstructed spectral CT data 
in a 3D format. MARS vision consists of an interactive data visualization software and a 
high-speed computer that allows the user to analyze and visualize spectral CT data. 
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It is pre-installed on a dedicated visualization computer that is supplied alongside the MARS 
scanner and the data processing server. The user can analyse energy images to display 3D 
material images. Some of the material images are discussed in the application section in 2.7. 
 
 
Figure 2.7 MARS vision workstation.(Image courtesy:MARS Bioimaging) 
 
2.5 Characteristics of MARS imaging 
MARS scanners use a single exposure to identify and quantify different low-Z and high-Z 
materials simultaneously, with high spatial and energy resolution. Therefore, using different 
contrast materials, the MARS scanner provides quantitative tissue information at the 
histological level. The MARS scanner enhances the contrast of soft tissue imaging by 
measuring the lipid and water composition. Due to the use of energy resolving Medipix3RX 
detector, the MARS scanner produces fewer image artifacts in the reconstructed image 
[9].The MARS scanner creates raw and flatfield data that offer pre-reconstruction and post-
reconstruction fascilities. Accurate quantitative tissue information is achievable with a 
MARS scanner, which fulfils a key requirement in precision medicine [18]. 
 
2.6 Image quality metrics for MARS scanner 
Different image quality metrics such as line spread function, point spread function, edge 
spread function, the contrast to noise ratio, uniformity of the image noise, modulation 
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transfer function and method of spectroscopic calibration were discussed as part of spectral 
imaging performance. 
2.6.1 Spread function 
To characterize the image sharpness of CT, point spread function (PSF) and modulation 
transfer function (MTF) are frequently employed. The PSF and MTF are used in basic studies 
evaluating the physical performance of a system and are also applied to image simulations 
of small structures and to image filtering techniques. In all these procedures, it is critical to 
determine PSF and MTF with high precision and accuracy. To evaluate the image sharpness 
in the scan plane, MTF measurements are performed by using a phantom such as a point or 
line. Methods that use these phantoms, such as a thin wire or a microbead, are most widely 
utilized for CT systems as they are conceptually simple and relatively easy to implement [21, 
22, 23, 24, 25]. 
 
2.6.2 Image noise 
Image noise is visualized as the random variation of brightness or color information in 
images. When a uniform material is imaged on a CT scanner, examination of the CT values 
for individual pixels in a localized area shows that the CT numbers are not all the same, but 
fluctuate around a mean value. This random variation is known as image noise and is due 
primarily to the statistical nature of x-ray production and interaction with matter. In other 
words, the standard deviation of Hounsfield numbers within a region of interest (ROI) is also 











  (2.1) 
 
 
where  is the linear attenuation coefficient, d is the thickness of the object with attenuation 
 ,
dexp  is the attenuation of the object, D is the CT dose index volCTDI ,
2b is the sampling 
distance at the rotation center (pixel size), W is the beam collimation, and T is the slice 
thickness. The image noise dependence on dose can be expanded by taking into account that 
the dose varies linearly with tube current and with exposure time. In addition, image noise 
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where kVp is the peak voltage and n is a kilovoltage dependency factor. The value n depends 
on the radiation quality of the beam, tube output, and detector response. Equation (2.1) can 
be rewritten by inserting the tube voltage (kVp), tube current (mA), and exposure time (s) 















2.6.3 Contrast to noise ratio 
The ability to distinguish between materials depends upon their contrast and also upon the 
measurement noise of the system. Poor counting statistics can render two materials 
indistinguishable regardless of the differences in their attenuation values. While the image 
noise in a uniform material is usually a good indicator of the ability to visualize small contrast 
differences in diagnostic images, a more versatile measure is that of CNR [26].The contrast-
to-noise ratio CNR quantifies contrast relative to random pixel noise. The SNR is a measure 
of the average value of a signal relative to its background noise. A thicker tissue will decrease 
the SNR because the x-rays have to travel through a greater thickness and give a greater 
attenuation. These factors reduce the CNR of the image. The value of CNR has been used to 
interpret the overall quality of the CT image, or how well a given image shows low contrast 













  (2.4) 
 
 
where 𝜇𝑑𝑒𝑡𝑎𝑖𝑙𝑠 and 𝜇𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 are the attenuation coefficients for the detail (material) and 
the background. 𝜎𝑑𝑒𝑡𝑎𝑖𝑙𝑠  and 𝜎𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 are the corresponding standard deviation for the 





2.6.4 Uniformity of image noise and CT number 
A scan of a water-filled phantom should give a CT image with similar pixel values, and 
similar amounts of noise, across the whole field of view. However, in practice, scans of 
uniform phantoms often show gradual variations of CT number and noise values across the 
image. These variations may be particularly noticeable when the uniform phantom is 
surrounded by a high contrast material, such as cortical bone substitute material. Variation 
is also noticeable at the extremities of large phantoms, particularly when an exceptionally 
large phantom is used to investigate the extended fields of view. If a phantom, or patient, is 
not centered at the isocenter, a more pronounced variation of CT number and image noise is 
also likely to be observed. The uniformity of CT number is of importance when the scanner 
is used for quantitative assessment of CT values, particularly for radiotherapy [26]. 
2.6.5 Spatial resolution 
Spatial resolution in CT is the ability to distinguish between object or structures that differ 
in density. A high spatial resolution is important for one to discriminate between structures 
that are located within a small proximity to each other, and for small structure. Factors 
affecting CT spatial resolution are the field of view, pixel size, focal spot size, magnification, 
the motion of the patient, pitch, kernel, slice thickness, and detector size [28]. The 
determination of spatial resolution can be made through the use of a high contrast test object 
through visual inspection or computation to compute the modulation transfer function (MTF) 
or with the use of an appropriate test object to compute the MTF. The MTF is commonly 
derived from the image of a bead or wire to give a point spread function (or of an edge to 
give an edge spread function). Standard methods are then used to compute the MTF from 
either the point spread function or the edge spread [26]. 
 
2.7 Potential applications of MARS scanner 
The MARS scanner plays an important role in different pre-clinical applications. The current 
small bore MARS scanner has contributed in different pre-clinical areas such as monitoring 
the biomarker for cancer imaging, identifying unstable atherosclerosis plaque and its 
treatment, characterizing cartilage to identify osteoarthritis, and applications in the meat 
industry. The recent breakthrough is the application of a human-sized to image live human 
patients MARS scanner. 
 Monitoring atherosclerosis plaque disease 
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Conventional CT scanners are unable to monitor and quantify the composition of the unstable 
atherosclerosis plaque. The MARS scanner enables imaging and distinguishing pathological 
features of cardiovascular disease at high spatial resolution (for example, the components of 
atherosclerotic plaque). MARS has the capacity to characterize and monitor the unstable 
atherosclerosis plaque. It affords information non-invasively about tissue composition 
indicating healthy and unhealthy tissues. Figure 2.8 shows a MARS image of the different 
components of an excised human carotid plaque. In this way the MARS scanner can identify 
unstable plaque before an individual has a coronary heart attack or stroke [20]. 
 
 
Figure 2.8 MARS image of atherosclerosis plaque that shows the soft tissue in red, white 
in calcification and gray in lipid core. (Image courtesy: MARS Bioimaging) 
 
 Identification and quantification of contrast agent  
Conventional CT exam have traditionally been confined to the use of a single contrast agent 
per scan. MARS spectral CT offers the researcher a tool that can identify and quantify a 
range of contrast agent as well as intrinsic markers such as lipid bone and soft tissue. MARS 
also has the capacity to discriminate among low atomic number materials, and from a range 
of concentrations of heavy atoms. Figure 2.9 shows a MARS image of the differentiation 
and quantification of different contrast substances such as gold, gadolinium, iodine, 
hydroxyapatite, lipid and water with in a multi-contrast phantom. Quantitative information 
of every material can be measured in (mg/ml). Figure 2.10 shows a 3D MARS image of a 
mouse that was injected with two contrast agents and the different colors represent distinct 





Figure 2.9 MARS image of multi-contrast phantom including different high-Z materials 














Figure 2.10 A mouse containing the different contrast agent that was once imaged via 
MARS scanner to be aware of the quantitative tissue information.(Image courtesy: MARS 
Biomaging) 
 
 Nanoparticle guided drug delivery for cancer imaging 
The MARS system opens the door to targeted imaging probes on CT. Knowing whether or 
not an antibody-based treatment has reached its target tissue is inherently difficult. MARS 
spectral CT affords an approach to track nanoparticles, permitting preclinical researchers to 
have confidence that their drug has reached it target cells. Medipix3RX based MARS scanner 
has potential to visualize tumor response to the use of nanoparticle guided drug delivery. 
This has the ability to describe markers of disease activity and response to therapy in one 
scan, also eliminating the need for biopsy. Due to the benefit of spectroscopic imaging, 






Figure 2.11 Gold-nano probes within a murine mouse model of lung cancer, with a 2D 
magic lens, used to enhance the view of the region of interest. (Image courtesy: Mahdieh 
Moghiseh). 
  
 Characterization of osteoporosis and cartilage health 
Another essential application of spectral CT is to characterize joint health. The MARS 
scanner allows for non-invasive measurement of cartilage fitness in joints. In this way, it can 
supply earlier prognosis and better treatment options. It can consider the deterioration of 
cartilage health that occurs throughout osteoarthritis due to the depletion of 
glycosaminoglycans (GAG) in the extracellular matrix of articular cartilage. Spectral CT has 








Figure 2.12 The right image shows a 3D view of a lateral tibial plateau sample with 
simultaneous display of calcium and iodine material. The gradient of colors (blue to red) 
describes the amount of iodine (inversely related to GAG) present in the cartilage.(Image 
courtesy:MARS Biomaging) 
 
 Industrial application 
The MARS scanner can characterize meat quality and can potentially make contributions in 
livestock research. Figure 2.13 shows the lamb tissue with fat, muscles, meat and bone. High 
soft tissue sensitivity is also pleasing for the meat industry to make accurate portioning and 
figuring out low and high-fat regions. It additionally can pick out and quantify the thin layer 















Figure 2.13 3D volume rendering of lamb meat the use of the MARS system. A clear 
separation within the meat shape between fats (off-white colour scheme), meat (reddish), 
fat marbling and bone (showing calcium in white) can be seen. 
 
 First human imaging using MARS  scanner 
The MARS scanner has been translated from preclinical to human imaging. Our team 
developed a large bore human scanner using Medipix photon counting detectors that are 
capable of scanning body parts of a human subject. The first human images of living human 
the use of MARS spectral scanner were published in July 2018. Figure 2.14 shows these 
image. This enables high-resolution, high-contrast, very reliable images, making it unique 









Figure 2.14 First human image of (a) wrist with the watch and (b) ankle imaged with 





 The MARS spectral scanner is equipped with Medipix photon counting detector that 
can produce the high spatial 3D color image. 
 
 Medipix is a semiconductor photon counting detector has high spatial and spectral 
resolution. It has user defined energy thresholds that can be divided in up to eight 
energy thresholds over the entire x-ray spectrum to measure attenuation difference. 
 
 Due to the photon counting Medipix detector, MARS can overcome conventional 
imaging modalities with respect to low contrast material identification, and contrast 
agent quantification. 
 
 The main characteristics of MARS spectral imaging is that it can identify and 
quantify different material simultaneously. 
 
 The main component of the MARS imaging chain are a scanner, camera, workstation, 
and vision. 
 
 MARS scanner play an important role in different pre-clinical studies such as 
monitoring the biomarkers of cancer and its treatment; identifying and monitoring 
unstable atherosclerotic plaques; inflammatory diseases; cartilage characterization 
for early diagnosis of osteoarthritis 
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This chapter investigates measurement variation in the MARS scanner. A systematic 
procedure was established to quantify and characterize the different types of variability 
during protocol commissioning. A pilot study was conducted to evaluate the measurement 
variation in MARS scanner. Section 3.2 reports experimental design and the multicontrast 
phantom used to characterize this variability. The inter-scan and intra-scan measurement 
variation of mass attenuation of different materials were assessed using the relative standard 
error. The Bland-Altman method was applied to measure the proportional bias of different 
measurements.  
Characterizing the sources of measurement variability is very important to obtain better 
image quality and higher sensitivity for detecting different materials. Toru Kobayashi et al. 
evaluated the accuracy of linear attenuation coefficients using a photon counting CT system 
[35]. It was found that the linear attenuation coefficient of single materials agreed with the 
theoretical values better than the composites materials. Tyler E. Curtis et al. investigated the 
spatial and quantitative accuracy of material decomposition for mixed contrast agents [36]. 
They also showed that quantitative errors in material decomposition was low. It was found 
that the value of root mean square (RMSE) was less than 12% of the maximum signal for 
each material in mixed compositions. 
If we correct and optimize the scanner parameters on the basis of finding variability, it would 
serve to stabilize the operation of MARS scanner. There are many factors which lead to 
observable variations in MARS system. Examples of this include mechanical misalignment, 
inter-pixel differences, changes in detector temperature, detector instabilities, and drift in 
energy thresholds. These variations can severely degrade the measured spectral signal. Inter-
pixel variation reduces the energy resolution [37]. Geometric misalignment produces image 
blurring (as explained in chapter 6). Temperature variation and detector instability affect the 
energy response of the Medipix detector and causes threshold drifting. Variations such as 
these, if unaccounted for, result in image artifacts in the spectrally reconstructed data. 
Characterization of these variables, and their effects on the measured spectral signal, improve 
the validity and reproducibility of the spectral data obtained with MARS scanner.  
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In this study, a framework was established  to quantify the measurement error of the mass 
attenuation coefficient of different materials and showed the effects of different experimental 
noise level in the measured spectral signal in different materials. 
3.2 Materials and methods 
In this section, the materials and methods are presented to perform different experiments 
3.2.1 Experimental setup 
Three sets of experiments were performed on the MARS-4, MARS-10, and MARS-11 
scanners to quantify the inter-scan and intra-scan measurement variation. In this section, the 




Figure 3.1 Comparison of mass attenuation coefficients for iodine, gadolinium, gold, 
calcium, lipid and water over the x-ray spectrum of 20-120 keV. 
 
3.2.2 Multicontrast phantom 
Two different types of multicontrast phantoms were used in these experiments. Both 
phantoms were circular with diameter of 31 mm. Nine vials including different materials 
were used and the diameter of each vial was 6 mm. The vials of these phantoms were filled 
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with water and lipid as single materials and calcium, gadolinium, iodine, and gold as 
composite materials. The composite materials are also divided into two categories of non-K-
edge materials such as calcium which does not have K-edge in the diagnostic energy range. 
Gold, gadolinium, and iodine which has K-edge properties, as shown in Figure 3.1. K-edge 
materials are often used as contrast agents as they enhance the visibility of fluid or structures 
of tissue in the body. The multi-contrast QA phantom consists of different material 
concentrations of lipid, water, 8 mg/ml and 2 mg/ml of gold, 8 mg/ml and 2 mg/ml of 
gadolinium, 18 mg/ml of iodine and 240 mg/ml of calcium. The composition of GdI phantom 
are lipid, water, 8 mg/ml, 4 mg/ml, 2mg/ml, 1 mg/ml of gadolinium and 2.25 mg/ml, 4.5 
mg/ml and 9 mg/ml of iodine.  
 
 
Figure 3.2 Schematic diagram of multi contrast QA phantom (left) and GdI phantom 
(Right) with various concentrations (mg/ml). 
 
3.2.3 Preliminary study of inter-scan and intra-scan variation 
A preliminary study was performed to evaluate the inter-scan and intra-scan measurement 
variation in the MARS scanner. In this investigation, three different experiments were 
performed on different days in different MARS scanners using different protocols and 
different phantoms. Initially, inter-scan and intra-scan measurement variation of the detected 
mass attenuated signal from different composite materials were found. Two multi-contrast 
phantoms were used in these measurements. In general, the variation between the spectral 
signals of gold, gadolinium, iodine, and calcium which are composite materials, was 
significantly higher compared to the single materials (lipid and water). Such measurement 
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variation originates from different instabilities in MARS scanner. The results of each 
experiment are presented in section 3.5. 
3.2.4 Experimental setup for study 1 
The first set of experiments was performed by MARS-4 with a predefined protocol. The scan 
parameters of this protocol included the tube voltage of 80 kVp, tube current of 13µA, 
exposure time of 300 ms, and 3.1mm aluminum filtration. Source to object distance (SOD), 
Object to detector distance (ODD) and the source to detector distance (SDD) was 131.8 mm, 
55 mm and 186.8 mm, respectively. The camera used in this scanner was a Medipix3RX 
detector flip-bonded to 2 mm CZT. Three back-to-back scans were performed using the same 
protocol and same multi-contrast phantom on the same day. Four energy bins were set to 18-
30 keV, 30-45 keV, 45-57 keV, 57-78 keV in charge summing mode (CSM) so that these 
energy ranges identified of the K-edge materials. The K-edge of gadolinium (50.24 keV) is 
in the third energy bin, K-edge of iodine (33.17 keV) is in the second energy bin. K-edge of 
gold (80.72 keV) may also be identified at 57-78 keV energy bin. 
3.2.5 Experimental setup for study 2 
The second series of measurements was obtained from MARS-4 with the same scan protocol 
as study1 while using the GaAs-Medipix3RX camera. Three back to back scans were 
performed using the same protocol setting on the same day. In this study, the GdI sensitivity 
phantom was scanned. 
3.2.6 Experimental setup for study 3 
The third set of measurements were performed using MARS-11 with a predefined protocol. 
The scan parameters of this protocol included the tube voltage of 120 kVp, tube current of 
13 µA, and exposure time of 300 ms, and 3.1 mm aluminum filtration. The SOD, ODD, and 
SDD were 200 mm, 50 mm and 250 mm, respectively. The camera used in this scanner was 
a Medipix3RX detector flip-bonded to 2 mm CZT. Five back-to-back scans of the multi-
contrast phantom were taken using the same protocol. Four energy bins were set to 7-18 keV, 
18-30 keV, 30-45 keV, 45-75 keV and 75-120 keV in CSM mode. 
 
3.3 Data analysis 
3.3.1 Region of interest selection 
To process each set of the reconstructed images, ImageJ  (an image processing software) was 
used. To obtain the average measurement for each energy bin, a stack of each image dataset 
was processed through “Z Project”, which provided one image per energy bin (i.e. the start 
and the stop slices were 100 and 110 in the stacked images). 
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The same circular ROI was selected for each material from the averaged images. The area of 
ROI was 15 mm2. Figure 3.3 shows the selected ROIs for a QA phantom in the first energy 
bin. Next, the average of the linear attenuation coefficient of each material was calculated 
for the corresponding ROI of the averaged image. 
 
Figure 3.3 Reconstructed images of a QA phantom obtained by MARS-4 with GaAs-
Medipix3RX detector in four energy bins. In the first image from the left, selected ROIs 
are also demonstrated. 
 
3.3.2 Calculation of mass attenuation coefficient 
To analyze the measured data, the mass attenuation coefficient of material was used because 
it is an energy-specific feature of a material, and therefore is independent of density. The 














  (3.1) 
 
 
Where, µ is the linear attenuation of material that can be obtained by the reconstruction 
algorithm from the measured data in a spectral CT system. 𝜌𝑚 is the concentration or density 
of m as a material of interest and 𝜇 𝜌⁄  is the mass attenuation for material of m. Linear 
attenuation and mass attenuation coefficients vary with energy. For lipid and water, which 
are not the composite materials, their mass attenuation coefficients are easily obtained by 
substitution of their densities in equation (3.1). For instance, the mass attenuation of lipid 












 9.0  (3.2) 
 
 



























  (3.3) 
 
 
Where w denotes water and 𝜇𝑐 denotes the composite attenuation which includes water used 
for making a solution. In a multicontrast phantom, several concentration of the composite 
materials are typically used. For each concentration of a composite, a system of equations 
can be formulated equation (3.4). In the second line of this system of equations, 𝜌𝑚 is the 
known concentration for the material such as calcium or gold in the solution, and this 



















































The mass attenuation coefficients of a composite material with different concentrations are 
calculated by solving the overdetermined system of equations and finding the regression 
average of the system. For instance, the following equation represents the linear system for 












































The regression fit can be performed through the X = lsqnoneg(A, B) function in MATLAB. 
X is the mass attenuation coefficient, A is the density of the material and b is linear 




3.3.3 Statistical analysis 
3.3.3.1 Relative standard error 
The variation of the mass attenuation coefficients between different scans was assessed by 
calculation of relative standard error (RSE). For this calculation, the standard error of the 








where, S is the standard deviation calculated for each material across different measurements 
at each energy bin and n is the number of measurements. The next step is the substitution of 







RSE  (3.7) 
 
 
Where, 𝑋 ̅is the mean of mass attenuation coefficients of each material across different scans 
within a set of measurements at each energy bin. 
 
3.3.3.2 Bland-Altman method 
The Bland-Altman (mean-difference or limits of agreement) plot and analysis is used to 
compare two measurements of the same variable. It is a method for comparison technique. 
In clinical imaging, it is common to verify the agreement between two quantitative 
techniques of measurements. Bland-Altman (BA) proposed an alternative analysis, based on 
the quantification of the agreement between two quantitative measurements by studying the 
mean difference and constructing limits of agreement. The limits of inter examination 
agreement were defined as the mean difference ±1.96*the standard deviation (SD). The (BA) 
plot analysis is a simple way to evaluate the proportional bias and to estimate an agreement 
interval, within which 95% of the differences of the second method agree when compared to 
the first one [39, 40]. 
In this study, the Bland-Altman method was applied to measure the proportional bias 
between two measurements of different back-to-back measurements (scans). The linear 
attenuation coefficients of each voxel corresponding to each material within the region of 
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interest (ROI) were calculated to draw (BA) plot. The attenuation difference of different 
materials were plotted against the average of linear attenuation between two measurements. 
Limit of agreement between two measurements for each material was evaluated using (BA) 
method. Figure 3.14 to Figure 3.18 illustrate the (BA) plot for different materials at lower 
energy bin. 
3.4 Inverse problem 
An inverse problem is defined as the process of calculating the casual factors that produced 
measurements variations. The inverse problem will use a model to reconstruct an input from 
the corresponding output. Inverse problems are encountered typically in situations where one 
makes the indirect observations of a quantity of interest. It is called an inverse problem 
because it starts with the results and then calculates the causes [41].  
Many problems in the physical sciences are highly sensitive to changes in their input. These 
include medical imaging, remote sensing, image restoration, and astronomy. These 
mathematical model can be expressed as a linear system of the equation as 
 
 bAx   (3.8) 
 
 
In this system the matrix 𝐴𝜖ℝ𝑚×𝑛 with 𝑚 ≥ 𝑛 describe the model. The input is some vector 
𝑥𝜖ℝ𝑛 and the output is presented in the vector 𝑏ℇℝ𝑚. The inverse problem associated with 
this model computes the input x given some output b and the known model [42]. The 
approximate solution to the linear least square minimization problem associated with the 




bAx   (3.9) 
 
 
Where ∥. ∥ is the Euclidean norm. The value of x is very sensitive to changes in the data b. 
This sensitivity is important to consider when an error may contaminate the data. If the 
available data is not exact, then even a small error may enough perturb the solution by an 
enormous amount.  
Let us consider the available data is contaminated with an error that is the available data can 








Where the vector ?̃? is the exact data and the error in the data is contaminated by the vector 𝜀. 




  (3.11) 
 
 
Since the problem is so sensitive to change in the data, even a small error may distort the 
computed solution considerably. The computed solution may be very different from the 
desired solution and ultimately meaningless. 
There are different factors in spectral CT that can impact the solution. These include 
threshold drifting, detector instability, geometric misalignment, statistical noise and beam 
hardening. The reconstructed images obtained on several MARS scanner affected by these 
types of distortion that produce measurement variation. 
If experimental noise 𝜀 from threshold drifting, statistical noise, and beam hardening, etc is 
added up to 𝑏 term and the sample preparation uncertainty (E) is added up to A, then equation 
(3.8) become 
 
    xEAb   (3.12) 
 
 
Equation (3.12) can be rewritten as 
   NoisetermbEAx  1  (3.13) 
 
 


































































































Therefore, small noise in the forward form of equations (3.13) and (3.14) is magnified in the 
inverse form in which 𝐴−1 maps b to x. This is called “inverse noise amplification” and it 
becomes more significant when a composite material is used because it involves the all 
sources of noise that were mentioned above for each component. In the case of K-edge 
materials, small changes in threshold drifting results in a large change in reconstructed 
images that produces measurement variation. 
 
3.5 Results 
In this section, the results of each study are presented. 
3.5.1 Study 1, using MARS-4 with CZT-Medipix3RX 
Figure 3.4 shows the results of study1 that represents the mass attenuation profiles of 
different materials in different energy bins for three repeated measurements. The value of 
mass attenuation in scan-1 is clearly far from scan-2 and scan-3 and it means that there exist 
variation in the measurements for gold, gadolinium, and iodine. It is also clear that the 
second, third and fourth energy bin have significant variation of mass attenuation in all 
composite materials. On the other hand, water and calcium have less variation in all energy 
bins of different scans. Scan-2 shows slight variation in the second energy bin for lipid. The 
variation of mass attenuation of different materials was assessed by measuring the relative 
standard error (RSE). Figure 3.5 represent the bar graph of (RSE) of mass attenuation of 
different material at different energy bins. It appears that all composite materials have a 
higher value in RSE at third energy bin. Maximum RSE was found and it is about 11.2% in 
case of gadolinium at third energy bin. On the other hand, lipid and water have minimum 
variation compared to the all composite materials in all energy bins. Figure 3.6 represents 











Figure 3.4 Mass attenuation profiles of gold, gadolinium, iodine, calcium, lipid, and water 
that used QA phantom scanned by MARS-4 with CZT-Medipix3RX detector. The mass 
attenuation coefficients of lipid and water are approximately the same but all composite 






Figure 3.5 RSE of mass attenuation calculated for different materials of the phantom 
scanned by MARS-4 with CZT-Medipix3RX in different energy bins. Gold, gadolinium, 
iodine, and calcium show the maximum value of RSE of mass attenuation at third energy 















Figure 3.6 Boxplot of the relative standard error of mass attenuation for each energy 
bins. 
 
3.5.2 Study 2, using MARS-4 with CZT-Medipix3RX 
The results of study 2 (performed on MARS-4 with GaAs-Medipix3RX) are shown in Figure 
3.7. This result represents the variation of mass attenuation of different materials such as 
gadolinium, iodine, lipid and water at different energy bins of three back-to-back scans. It is 
observed that the value of mass attenuation of lipid and water are the same in all scans. In 
contrast, composite materials have slight variation of mass attenuation at 18-30 keV, 30-45 
keV and 45-57 keV. The variation of the mass attenuation was quantified by measuring the 
relative standard error (RSE) in Figure 3.8. The RSE values for iodine are also noticeably 
higher at 57-78 keV 30-45 keV that is (2.1% and 1.6%, respectively). The high RSE values 
for gadolinium occur at 18-30 keV, and 57-78 keV with the value of 1.7% and 1.8%. On the 
other hand, lipid and water have lower RSE values at all energies in all scans than gadolinium 
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and iodine. The attenuation variations of all materials are illustrated in Figure 3.9. The IQR 
is noticeable higher for the first energy bin than second and third energy bin. In this case, the 
minimum value of IQR at the fourth energy bin. The value of the median is higher at 18-30 
keV whereas the value of the first quartile closely same at 30-45 keV, 45-57 keV. 
 
 
Figure 3.7 Mass attenuation profiles of gadolinium, iodine, lipid, and water that used GdI 
sensitivity phantom scanned by MARS-4 with GaAs-Medipix3RX detector. Mass 
attenuation coefficient of lipid and water are matched and for composite materials show a 

















Figure 3.8 RSE of the mass attenuation coefficients for different materials of a GdI 
sensitivity phantom scanned by MARS-4 using GaAs-Medipix3RX detector. First and 
fourth energy bin shows the higher value of RSE in case of gadolinium whereas second 
and fourth energy bin shows the higher value of mass attenuation of iodine. Lipid and 





















3.5.3 Study 3, using MARS-4 with CZT-Medipix3RX 
The third study was conducted on MARS-11. In this study, five back to back scans were 
performed using the same protocol, the same multi-contrast phantom on the same day. Inter-
scan and intra-scan measurement variations were observed in mass attenuation. The limit of 
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agreement between two measurements were evaluated using the Bland-Altman method to 
investigate the proportional bias in between two measurements. Figure 3.10 displays the 
mass attenuation profile of different materials at different energy bins for different scans. 
Figure 3.11 illustrates the intra-scan measurement variation of mass attenuation of different 
materials in different energy bins. Gold, gadolinium, iodine, calcium shows a higher 
variation of RSE than lipid and water and significant variation has appeared in the higher 
energy bins. Figure 3.12 represent the inter-scan measurement variation of mass attenuation 
of different materials in different energy bin in each scan. Scan 4 and 5 have higher variation 
in case of gold and calcium whears higher RSE appeared in scan 5 of iodine. In the case of 
gadolinium, all measurement in each scan have higher variation. While lipid and water have 
the same RSE value across all scan and in each energy bins. 
The measurement error of different materials across the five scans is illustrated in Figure 
3.13 Each high-Z material shows significant outliers above the box plot, indicates existence 
of variability in the measurement or experimental error. Therefore, the high-Z materials have 
a significant measurement error in the attenuated signal. 
The Bland-Altman (BA) method was applied to evaluate the proportional bias as well as the 
limit of agreement between different scans. Linear attenuation coefficients of each voxel 
were calculated corresponding to the ROI for 8 mg/ml gold, gadolinium and 18 mg/ml 
iodine, lipid and water at lower energy bin to produce the BA plot. The linear attenuation 
difference of each voxel between two back-to-back scans was plotted against the average of 
linear attenuation of two scans for each material. The 95% limit of agreement between two 
measurements was evaluated by the upper limit and lower limit. From Figure 3.14, Figure 
3.15 and Figure 3.16 , it is clear that in case of gold, gadolinium, and iodine there are some 
measurement points out the limit of agreement that should be noted to identify the 
measurement variation. In the case of lipid and water [Figure 3.17 and Figure 3.18] there is 
fewer points outside the limit of agreement. All measurement points of composite materials 
are less concentrated at the middle of the mean than lipid and water. From the point of limit 
of agreement, this indicate that all composite materials have higher measurement instability 









Figure 3.10 Mass attenuation profiles of gold, gadolinium, iodine, calcium, lipid, and water 
that used QA phantom with CZT-Medipix3RX detector. Mass attenuation value of lipid 
and water in scan-2 is slightly higher at 7-18 KeV but scan-1 is far from than other scans 










Figure 3.11 The intra-scan variation of mass attenuation of different materials at different 
energy bins within any particular scan. Fourth and fifth energy bins show the higher value 
















Figure 3.12 Inter-scan variation of mass attenuation of different materials at different 
















Figure 3.13 Boxplot of the mass attenuation coefficient of different materials in each 
energy bins of different back to back scan. Legend: inside the box, the red line represents 
the median (50th percentile). Gold, gadolinium, and iodine show the significant outlier at 
the top and bottom of each box plot that represents the error due to changes in system 
behavior, instrument error or simply through natural deviations in populations. Hence, 





















































































This study demonstrates the characterization of intra-scan and inter-scan measurement 
variation of the measured spectral signals from different composite and single materials 
using different protocols and different MARS cameras. Three experimental studies were 
performed to monitor the variation of the mass attenuation coefficient of composite materials 
such as gold, gadolinium, iodine and calcium and single materials which are lipid and water. 
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The variation of mass attenuation coefficient was assessed by the relative standard error. In 
general, the results of the study show that the mass attenuation coefficients of lipid and water 
have less variations as compared to calcium, gadolinium, iodine, and gold. For the composite 
materials, the measurement of the mass attenuation profile is influenced by the inverse noise 
amplification as compared to the single materials. The noise involved in the calculation of 
mass attenuation coefficients (𝑥 = 𝐴−1𝑏), originates from the uncertainties of the scan 
measurements, inaccurate threshold setting between the K-edge, geometric misalignment 
etc. The uncertainties of the measurements include statistical noise, beam hardening, the 
artifact from material reconstruction algorithms, output variation of the x-ray source, and 
energy threshold drifting in the detector. The superposition of such uncertainties from each 
material in a solution such as water and gold caused higher variation of mass attenuation 
coefficient in a composite material than water or lipid.  
The higher variation of the K-edge materials is thought to be due to energy threshold drifting. 
In the worst case scenario, the K-edge may be captured in the adjacent energy bin which is 
more likely when a large threshold variation exists in the detector’s channel. Comparison of 
the RSE values across all studies also indicated that the measurement variation of the first 
study is higher than the second and the third study. This study also showed once the same 
materials were scanned under the same protocol, but using the GaAs-Medipix3RX camera, 
the measurement variation at each energy bin significantly decreased (i.e. the maximum RSE 
values of 11.2% in the first study dropped to approximately 2% in the second study). This 
results can imply that the MARS camera used GaAs sensor layer behaved more consistently 
during the measurements as compared to the camera using CZT. 
The results of the third study expressed less variation in measurement as compared to the 
first and second study. In this set of measurements, the same QA phantom was scanned while 
using a different scanner (MARS-11) equipped with CZT-Medipix3RX with the higher tube 
voltage (120 kVp). This resulted in producing more photons and reducing the statistical noise 
in the measurement as compared to the results of the first and second study. 
In addition, the maximum measurement variation is seen in the last energy bin of the third 
experiment (75-120 keV). This could be due to the low photon count in this energy range 
and as a consequence, more statistical noise. The temperature is also one of the effective 
parameters on the measurement variation which need more investigation in future. 
The important challenge in the development of photon-counting spectral CT is that the 
location of the energy thresholds tends to vary among detector elements. Threshold variation 
or drifting leads to ring artifact in the reconstructed images. Inhomogeneity of the detector 
element is another challenge of photon-counting spectral CT. It is not feasible to produce 
readout electronics with completely identical components in different readout channels, 
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meaning that there will be variation between detector elements. The result of these effects is 
that the energy thresholds vary between detector elements. Some detector elements count 
more photon than others and photons with the same energy are registered in different energy 
bins in different detector elements due to the threshold variation [43]. 
In general, all high-Z materials have significant K-edge properties and therefore, are 
sensitive to select appropriate energy threshold above or below the K-edge. K-edge image 
contrast with spectral CT depends on the specifications of the two energy bins on both sides 
of a K-edge in the attenuation profile of a relatively high atomic number material [44, 45]. 
Due to the misadjustment of energy threshold especially for K-edge materials might lead to 
inverse noise amplification that produces significant measurement error in case of all K-edge 
materials.  
In conclusion, this study established and investigated the method to evaluate the systematic 
measurement variation in different MARS scanner during repeated scan. Such inter and intra-
scan variation needs to be investigated on material decomposition algorithm in future. To 
control the measurement variation and identify the level of the error for our spectral CT 
system, geometric calibration and the impact of geometric parameters on the reconstructed 
images were investigated which is covered in chapter 5 to 6. 
 
 
3.7 Summary  
 The studies reported in this chapter utilized in different MARS scanners to 
characterize the intra and inter-scan variation of mass attenuation of different 
materials from the reconstructed image using different protocol setting and a multi-
contrast phantom. 
 
  Characterization of measurement variability is necessary to determine the sources of 
instability in MARS scanners to understand abilities and limitations with regard to 
image quality and material identification and quantification.  
 
 
 Several factors contribute to the variation in measured spectral signal of materials. 
Examples of these include geometrical misalignment of scanner components, inter-
pixels difference, changes in detector temperature, energy threshold drifting and 
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detector instabilities. These types of instabilities can severely degrade image quality 
that produces measurement variation. 
 
 The inter and intra-scan measurement variation of mass attenuation of different 
materials was assessed via the relative standard error. The Bland-Altman method was 
applied to measure the proportional bias during different back-to-back scans. 
 
 
 The results of all studies show that measurement variation was more likely for 
composite materials such as gold, gadolinium, and iodine this is due to the inverse 
noise amplification that occurs with these materials. 
 
 The limit of agreement was measured to determine proportional bias in different 
measurement by the Bland-Altman method. Lipid and water show between 















4 Geometry of MARS scanner 
 
4.1 Introduction 
This chapter explains the geometry of the MARS scanner. The aim of this chapter is to 
understand the geometry of the key components such as the gantry, x-ray source, and camera. 
The optimal imaging performance of the MARS spectral scanner is achievable when its 
geometric parameters are accurately characterized and correctly incorporated into image 
reconstruction software, resulting in maintaining the spatial fidelity of the images and 
improving material quantification. Section 4.2 explains the main components of the MARS 
scanner. Section 4.3 introduces the required coordinate system of MARS scanner to simplify 
the geometric analysis in a systematic way. The geometry of the beam is explained in section 
4.4. The path ray through voxels is explained in section 4.5. The algebraic reconstruction 
technique is explained in section 4.6. A detailed description of the polychromatic forward 
model is discussed in section 4.7. 
4.2 MARS scanner components 
The current version of the MARS scanner is manufactured for small animals and human 
excised specimens. The maximum field of view is 100 mm in diameter and 270 mm in length. 
Two MARS components are an x-ray tube to generate a narrow cone beam, and a camera to 
detect the photons passed through the subject (e.g., an object, an excised specimen, a live or 
plasticized animal, or human). These components are mounted in a mechanical housing 
called a gantry which rotates around the subject on a fixed axis. The subject is mounted on a 
holder that is translated perpendicular to the gantry rotation to cover part or all of the subject 
during a scan (Figure 4.1). The camera includes an array of fingerboard Medipix3RX chips, 
each of which is attached to a transition board and a readout board in (Figure 2.5). The 
camera can be translated along the tangential axis of the gantry to cover samples with large 
diameters. The gantry and sample holder have two independent systems, resulting in 
minimization of their negative influence on each other such as vibration between the two 
systems. Additionally, the x-ray tube and camera have two separate magnification tracks 
(Figure 4.2) which make geometrical alignment of the scanner more complex. 
The x-ray source and camera can be translated radially to adjust the distance from the source 
to axis distance (SAD), and distance from the rotational axis to the detector distance (ADD), 
respectively. In the ideal case, the camera and x-ray source are aligned and the central ray 
passes through the rotational axis. However, the orientation of the x-ray tube and camera as 
well as each chip in the detector array, may tilt or skew, which are sources of geometric 
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manufacturing error [20]. It is necessary to accurately calibrate the geometric offset 
parameters through a systematic way. 
 
 
Figure 4.1 A small bore MARS spectral scanner. The magnified image (right) shows the 
x-ray tube, camera, and sample inside the gantry. The x-ray source and camera are 

















Figure 4.2 A schematic view of the gantry showing the subject, x-ray tube, and camera 
mounts [47]. 
 
4.3 Coordinate system of MARS scanner 
The MARS scanner involves different sub-system associated with the x-ray source, subject 
or sample, and the MARS camera. For each sub-system, it is helpful to define a set of 
independent axes, referred to the coordinate system of the sub-system. The parameters 
measured with respect to the coordinate system are then passed to the image reconstruction 
algorithm. Incorporation of accurate geometric parameters into the reconstruction improves 
spatial resolution. In this section, the definition of the coordinate system for the whole MARS 
system in the laboratory frame of reference is established before moving to the gantry frame 
of reference. Afterward, this a system further split to the subsystems to define their 
corresponding coordinate references. These subsystems are the subject and subject bed, the 








Figure 4.3 Schematic diagram of all corresponding coordinate system of MARS scanner. 
(Image courtesy: Dr Marzieh Anjomrouz) 
 
4.3.1 Laboratory coordinate system 
The laboratory frame of reference or the scanner coordinate system is defined in which the 
whole system is seen the user's point of view and all measurements are performed in this 
frame of reference. For a user standing in front of the MARS scanner with the lid open and 
the rotating gantry in its load position, the laboratory coordinate system is the right-handed 
coordinate system and the origin is located at the left-hand side bearing cylinder (Figure 4.4 
and Figure 4.5). The x-axis is horizontal and increases as a point moving away from the 
operator. The y-axis increases vertically, and the z-axis increases to the operator's right. The 




















Figure 4.5 Bearing cylinder and moving track of gantry and camera. 
 
 
Figure 4.4 The lab or scanner system axis with right-handed (x,y,z) coordinates and an origin at the 
center of the rotating gantry. This coordinate system does not move relative to the lab.(Image 
courtesy: MARS Bioimaging) 
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4.3.2 Gantry coordinate system 
The gantry coordinate system describes the relative positions of source and camera that are 
movable but fixed to the gantry. The origin of this coordinate system is on the left-hand side 
bearing cylinder which is the same as the lab coordinate system. Its z-axis is also is the same 
as the lab coordinate systems, but its x and y axes are only the same if the bottom tracks are 
positioned horizontally (i.e. parallel to the floor) as shown in Figure 4.5.These tracks are 
used to control the radial distance of the camera and the x-ray source with respect to the 
rotational axis. During the gantry rotation, the x and y axes rotate so that the source remains 
on the -x-axis, and the camera remains in the +x direction. 
The subject moves horizontally along the z-axis during a spiral scan, while both the x-ray 
source and camera rotating around it. This cartesian coordinate system of the gantry is shown 
in Figure 4.6a. The gantry which has a cylindrical shape is also adapted in the cylindrical 
coordinates system as shown Figure 4.6b. 
 
 
Figure 4.6 Gantry view in the Cartesian and cylindrical coordinate systems. (Image 
courtesy: MARS Bioimaging) 
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4.3.3 Subject coordinate system 
Many subjects such as multi-contrast phantoms, mice, and excised human or tissue etc have 
natural and conventional orientations. In the case of the multi-contrast phantom, which is 
attached to the subject holder, moves along the z axis and perpendicular to the x-y plane 
(Figure 4.1).  
The mouse coordinates are used at very last stage of the reconstruction and material 
decomposition of a scan, resulting in an image that is presented to the user in the conventional 
orientation for standard dicom viewers. Figure 4.7 shows the direction of the axis depends 
on which end the mouse's head is, and whether the mouse is face up or down. In all situation, 
the z-axis is cosidered at the mouse's tail and move in the positive direction towards the 
mouse's head. The x-axis will be positive in the direction of the mouse's right arm and the y-
axis is positive moving away from the mouse's chest. The origin is set near the mouse's tail. 
The software can be informed of the mouse's orientation with stick figure drawing that the 
user selects to match the orientation of the mouse. The change from volume coordinate to 
mouse coordinate is implemented after reconstruction [17]. 
 
 
Figure 4.7 Mouse axes with (x, y, z) coordinates. The origin is near the tail of the mouse, 
the x-axis the right side the y-axis from the chest and the z-axis points towards the head. 
(Image courtesy:MARS Bioimaging) 
 
 
4.3.4 Subject bed coordinate system 
This coordinate system is similar to the lab coordinate system, in which the origin is at the 
left-hand side bearing cylinder. The sample bed moves along the z-axis. In this system, the 
subject remains stationary as the bed is moved during a spiral scan, while the camera and 
source rotate around the z-axis in Figure 4.8. 
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4.3.5 X-ray source coordinate system 
The x-ray tube is located in a cubic box which is mounted on the gantry (-x-axis) while 
moving radially towards the rotational axis. The radial axis of the source is along z-axis 
which is parallel to the camera (Figure 4.9). The origin of the x-ray source coordinate system 
is assumed to be at the focal spot on the anode when the source box is located at its maximum 
distance with respect to the subject and the camera in which the source box touches inside 
of the gantry cylinder. The y-axis is the same as the subject y-axis. However, its x- and z- 
axes are inverse to the subject coordinate system. 
 
 






Figure 4.9 X-ray tube coordinate system. 
 
4.3.6 Camera coordinate system 
The Medipix detector array along with the corresponding transition boards and readout chips 
are located in a cubic box which is mounted on the gantry (+x-axis) while moving radially 
perpendicular to the rotational axis and tangentially around the rotational axis. The radial 
movement of the camera is along the z-axis and its tangential movement are along y-axis. 
The axes of the camera coordinate system are parallel to the coordinate axes of the x-ray 
source. Figure 4.10 shows the origin of the camera coordinate system, which is assumed to 
be at the camera window when the camera box is located at its maximum distance with 
respect to the subject and the source box in which the camera box touches inside of the gantry 
cylinder. 
 




4.3.7 Detector mounting plate coordinate system 
The MARS camera box includes either a single detector chip or multiple detector chips. The 
coordinate system used to control the alignment of each chip in the detector array is located 
at the top left corner of the top chip as shown in Figure 4.11 on a flat field image acquired 
from a MARS camera with three CZT-Medipix3RX chips.  
One of the detector mounting plates designed for a three-chip camera is shown in Figure 
4.13. The chips are mounted on an uneven mounting plate due to manufacturing limitation 
at that time (i.e. to make enough space for corresponding transition boards). For such a 
mounting plate, the initial position of z is, therefore, set to each chip specifically. As example 
an three-chip camera in which the z value of the central chip is set to 0 and z values of the 
top and the bottom chips are set to ±3.5 𝑚𝑚, respectively as shown in Figure 4.12. To 
control the chip positions along x, y and z, the appropriate values are set into the camera 























Figure 4.13 Detector mounting plate incorporates Medipix chip. 
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4.3.8 Detector chip coordinate system 
A Cartesian coordinate system is also defined for each Medipix3RX chip with its origin 
assumed to be at the center of the chip Figure 4.14. In this manner, each pixel in the pixel 
grid of 128 × 128 can then be addressed with respect to the origin of the chip coordinate 
system. The main usage of this coordinate system is in the pixel characterization study when 
reference to a given pixel in a Medipix3RX chip is necessary. For instance, as a result of 
electric field distortion within the sensor layer, an effect occurs called “charge steering''. In 
this case, measuring the changes in the position and the area of each pixel in the chip is 
required.  
 
Figure 4.14 Schematic diagram of pixel array Medipix chip. 
 
4.4 Definition of the beam geometry 
The x-ray beam in MARS scanners come from polychromatic x-ray source that passes 
through the object and hits the pixelated Medipix3RX detector. The x-ray source has a small 
focal spot with a diameter of 50 µm, and the pixel is typically square with side of 110 µm. 
Therefore the path of the photons in a single beam can be illustrate in Figure 4.15.The 
geometry of the ray in MARS scanner is dependent on the position of the source and position 
of the pixel that goes from the geometric centre of the source to the geometric centre of the 





Figure 4.15 A beam from circular source to a square pixel, but where the square is, in 








Figure 4.16 CT geometry showing source S, collimators C, filter F, volume V and a pixel 
p. The beam is defined as the collection of rays from the source S to the detector pixel p. 






Figure 4.17 A 3D view of the CT geometry showing the source, volume and detector, the 
x-axis, plus the central ray r of the beam from the source to the pixel p. The ray r is 
described by the angles 𝜃 and ∅.(Image courtesy:MARS Bioimaging) 
 
The ray r is at angle θ to the x-axis of the gantry frame, as shown in Figure 4.16 and at an 
angle ∅ towards the head end of the sample bed Figure 4.17. The rays that must be considered 
are those that originate at the source, and end at the centre of a pixel that is utilised in an 
image taken during a scan. To specify the values of 𝜃 and ∅, it is necessary to know the 
position of the camera, the detector chip number within the camera, and the pixel (row, 
column) values. The camera position is given by the motor positions, both the vertical 
position along the y-axis and the horizontal position (front to back) along the x-axis. The 
detector chip number will give a displacement for the origin of this chip relative to the camera 
position. Finally, the row and column values give the relative position of the pixel to the chip 
“origin”.In a MARS scanner the source and detector are rotated by angles 𝛼 around the centre 
of rotation of the scanner axis represented by a point CoR in the 2D Figure 4.16 and by the 
a line in the 3D representation Figure 4.17.  In a helical scan the object is, at the same time, 






4.5 Path of a ray through voxels 
The volume of the object being scanned is theoretically enclosed in a cuboid (a box) that has 
been divided into small cubes called voxels (the 3D version of a pixel). Although the gantry 
rotates around the object, we can view this from the perspective of the gantry, and have the 
object rotating around the z-axis. The specific voxels that the ray passes through and the 




Figure 4.18 The voxels traversed by the ray, and the length within a voxel, depend on the 
angle of rotation α of the gantry.(Image courtesy:MARS Bioimaging) 
 
4.6 Algebric reconstruction technique in MARS 
The algebraic reconstruction techniques (ART) are a class of iterative algorithms used in 
computed tomography. Algebraic Reconstruction Techniques are a type of mathematical 
iterative algorithm used to reconstruct objects from the projection images. These reconstruct 
an image from a series of angular projections (a sinogram). Gordon, Bender, and Herman 
first showed its use in image reconstruction [48] whereas the method is known as Kaczmarz 
method in numerical linear algebra. ART can be considered as an iterative solution of a 
system of linear equations 
 




The projection data is the known information, while the CT image is unknown and thus needs 
to be reconstructed. This technique is achieved by initializing a system of linear equations 










ln  (4.2) 
 
 
Where, v is the voxel index and projection data is summed over all the voxels. The term 
𝑙𝑣 refers to the path-length of the projection ray passing through the voxel.This can be 
interpreted in the form of a linear matrix (4.1) where matrix A corresponds to the path-length 
coefficients, x is a vector of the linear attenuation coefficients to be reconstructed, and vector  




























































































To solve this system of linear equations, a single row from the path-length matrix is used at 
any given time. From an initial approximation of the object 𝑥(𝑘), the iteration process goes 
through a sequence of updates, propelling the CT image toward a complete and accurate 















  (4.4) 
 
 
4.7 Forward model 
The issue with the current MARS data processing chain is that it is based on techniques 
which assume the polychromatic x-ray source used in MARS emits a monochromatic x-ray 
beam. Already this assumption has been made in conventional CT scanner that leads to beam 
hardening artifacts. MARS research group has been trying to solve this problem by 
developing a polychromatic material reconstruction algorithm. This task is still progressing 
through the initial development phase, with various members of the MARS team working 
on different components of the problem [11]. 
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To resolve this problem, a forward model that include feature several components of the 
MARS scanner has been established. The reason for doing this is to transform 
monochromatic materials reconstruction into polychromatic reconstruction model. The 























Where, 𝑄𝑐𝑟  is the measured photon count at the central ray. F is the filter. A scan is carried 
out by using a source S of x-ray photons in the energy range of 20 to 120 keV; the photons 
travel in a beam towards an object; some pass through the object in volume v; and these 
photons are detected with detector D; and then algorithms determine which materials m are 
within each voxel v of the object. The filter F, the collimators C, and the geometry D are 
currently being investigated by other team member. 
The forward model not discussed in detail physics based model for estimating predicted 
count at the detector. The predicted count depends on the geometry of the source that directly 
connected to the geometry of the pixel with respect to the central ray. Reconstruction 
methods utilizing the forward model approach are current in development. The method 
depend on accurate information for scanner parameters, geometric setup and detector setting 
etc. 
The geometry of the source need to be calibrated to know spatial photon distribution with 
respect to the central ray in this regard. To be successful of polychromatic forward model an 
appropriate assumption needs to be made that will provide the equal value of estimated and 










 In computed tomography, a sufficiently accurate knowledge of the tomograph 
geometry is required to achieve good quality image reconstruction. 
 
 For optimal imaging performance of the MARS spectral scanner, geometric 
parameters must be accurately characterized and correctly incorporated image 
reconstruction software. 
 
 The camera and the source are placed on the gantry from the opposite sides and are 
able to move along the axis connecting each other, approaching or moving away from 
the sample. 
 
 In MARS spectral CT, the x-ray source and camera can be translated radially to adjust 
the distance from the source to the rotational axis (SAD), and distance from the 






















This chapter describes the development of a spectral image library for MARS scanners. In 
this work, a preliminary workflow was developed to create an image library using 
multicontrast phantoms that include different materials. The reason for doing this work is to 
investigate the spectral image quality of the MARS in MARS scanners. In this study, also 
discussed the relationship between geometric information and the energy information and 
implication for materials reconstruction. To see the spatial error on the reconstructed image, 
this work is motivated to create an image library containing artifacts by perturbing selected 
parameters of the scanners. Initially, camera axial and tangential offset were perturbed with 
different values and it was observed that how spectral signal from different materials is being 
degraded under the effect of the geometric perturbation. This chapter will provide useful 
insight to develop a geometric calibration method to reduce the spatial image error (As it is 
discussed in chapter 6).  
An important concept revealed by this study is that the image quality degradation in the 
energy domain is linked to that in the spatial domain, and vice versa. Consequently, if there 
are spatial artifacts in the reconstructed images, there will be a corresponding distortion in 
the energy information. The image subtraction technique was used in the study to highlight 
differences. Different anatomical image planes such as (axial, sagittal and coronal) of the 
multi-contrast phantom are illustrated to see the visual interpretation of spatial image error 
on the reconstructed image in a different slice at different energy bins.  
5.2 Significance of image artifact 
The medical diagnostic is a very complex process that sometimes biased by the different 
error that is related to the different sources of the scanner instability. Since the computed 
tomography imaging is widely used, it is a potential source of error in diagnostic imaging.   
Missed or delayed diagnoses often lead to patient harm and missed opportunity for treatment 
[50]. Although some diagnoses may be missed because of technical or physical limitations 
of the imaging modality, most missed radiologic diagnoses are attributable to image 
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interpretation errors by radiologists [51]. The retrospective error rate among radiologic 
examinations is approximately 30%, with real-time errors in daily radiology practice 
averaging 3-5% [52]. Nearly 75% of all medical malpractice claims against radiologists are 
related to diagnostic errors. In the case of spectral CT, image are more sensitive with respect 
to the different scanner components and therefore image errors like blurring or ring artifacts  
produces spatial and spectral distortion that degrade the quality of the signal to noise ratio. 
These artifacts can lead to misdiagnosis and need to be eliminated and corrected before 
spectral CT can be used clinically. 
5.3 Sources of image error in MARS scanner 
Image error or artifact are a common issue in medical imaging that can lead to problems in 
proper diagnosis. An error is a distortion or artifact in an image that is unrelated to the subject 
being imaged. The image in the MARS scanner arises from a different number of sources, 
including geometric misalignment, miscalibration of the detector elements, inconsistency in 
measurement due issue in the reconstruction process. Three types of image error in MARS 
were identified and investigated as part of this study.   
5.3.1 Spatial image error 
Spatial image errors are related to the misalignment of scanner components. The spatial 
resolution of the MARS scanner is very sensitive to the proper alignment of the x-ray source, 
object, and detector. In a MARS scanner, the x-ray beam passes through the object in 
multiple views and is detected by small multiple detector elements. Therefore, a small 
geometric misalignment between x-ray source, object and camera causes an error in the 
reconstructed image that limits the capability of MARS scanner in material identification 
and quantification. The main sources of spatial image error are produced from inaccurate 
camera tangential and axial offset, source tangential and axial offset, magnification, and 
skewness of the camera and the gantry. In this study, the impact of camera axial and 
tangential offset on the reconstructed images were investigated. 
5.3.2 Spectral image error 
The main sources of spectral image distortion are pulse pileup, charge sharing, inaccurate 
energy response, incomplete charge collection, and threshold dispersion. MARS scanners 
incorporate a photon counting detector, therefore, the energy resolution of each pixel is very 
important to get a high-quality image. Poor calibration of the detector elements causes ring 
artifacts in the reconstructed images. Threshold dispersion adversely affects spectral imaging 
by degrading energy resolution, which contributes to the blurring of the energy information. 
To improve the specificity of tissue characterization and material differentiation, an accurate 
selection of the energy range for measuring the difference in the attenuation of x-rays is 
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required. Appropriate threshold settings are important, specifically for K-edge imaging. 
Pulse pileup is always present in photon counting detector systems and is a function of the 
count rate and detector dead time. Pileup can also cause improper energy allocation; multiple 
events processed as one may have their energies summed, resulting in miss allocation [37, 
53]. 
5.3.3 Spectral image contamination 
Spectral image contamination occurs when information in the energy domain is distorted by 
errors in the spatial information. This includes effects such as charge steering in the detector, 
where the incident photon interaction is measured in a different position to the actual 
interaction position. Geometric misalignment may lead to spatial blurring in the 
reconstructed images giving rise to a "smearing" of energy information in adjacent voxels. 
Also, techniques applied in post-processing of images such as Gaussian blurring may distort 
the energy signal used to identify materials. 
5.4 Preliminary methods of an image library 
To develop a spectral image library several experiments were performed on MARS-10 that 
utilized a three-chip CZT-Medipix camera. A multi-contrast QA phantom was used that 
includes high-Z materials, lipid, and water. A protocol was created that includes tube voltage 
of 120kVp, tube current of 13𝜇m, and exposure time of 300 ms and 1.96 mm aluminum 
filtration. Source to object distance (SOD), Object to detector distance (ODD) and the source 
to detector distance (SDD) was 223 mm, 45 mm and 268 mm, respectively. The energy 
thresholds were chosen to 19-30 keV, 30-45 keV, 45-75 keV and 75-118 keV with charge 
summing mode. Initially, a well-calibrated MARS scanner was used to scan a phantom 
(diameter of 33 mm) with different materials. Before studying the effects of geometrical 
parameters, a reference image was acquired with the well-calibrated MARS scanner (CTO=0 
mm). The value of camera tangential offset (CTO) were chosen randomly to see the grade 
of edge blurring. Figure 5.1 represents the basic flowchart of image library. Figure 5.2 
represent the image of the multi-contrast phantom and 3D images correspondingly. Figure 























Figure 5.2 Multi-contrast QA calibration phantom (a) with vials filled with materials with 
different concentrations of lipid, water, 8 mg/ml and 2 mg/ml of gold, 8 mg/ml and 2 
mg/ml of gadolinium, 18 mg/ml of iodine and 240 mg/ml of calcium.(d) representation of 
the 3D image of multi-contrast QA phantom. 
 
 
Figure 5.3 (a) Edge blurring and shading due to a large tangential and axial offsets in 
MARS-CT on a reconstructed image obtained from a spectral phantom, and (b) clear 







In this study, the impact of the geometric parameter was investigated on the reconstructed 
image. Figure 5.4 shows the perturbation effect of geometric parameters in the spectral signal 
and higher value of geometric perturbation produces a less attenuated signal in each energy 
bin than the calibrated scanner (CTO=0 mm). To remove the density variation mass 
attenuation was calculated for each material that shown in Figure 5.5. The K-edge is not clear 
for all high-Z materials except iodine. It should be investigated whether there is any effect 
of the geometric perturbation on the K-edge properties. The linear attenuation value in 
Hounsfield (HU) of each material at different camera tangential offset is plotted in Figure 
5.6.The value of (HU) decrease at higher energy range. The impact of geometric 
misalignment across the total number of voxel corresponding to (ROI) of each material is 
shown in Figure 5.7. Unstable attenuation response occurs in each voxel corresponding to 
ROI of each material at higher perturbation of geometric offset. 
Figure 5.8 and Figure 5.9 shows the histogram of linear attenuation coefficients of different 
materials across the total number of voxels within an ROI on the calibrated and uncalibrated 
scanner. It can be expressed that histogram of linear attenuation of each material followed 
by symmetric distribution and tightly clustered about the mean whereas the histogram of 
linear attenuation of each material is widely dispersed and left skewed in case of an 
uncalibrated scanner. The histogram of relative linear attenuation of each material is plotted 
in Figure 5.10 and it follows the symmetric normal distribution and it is tightly clustered 
around the mean. 
Figure 5.11 illustrate the impact of CTO on the reconstructed image of the multicontrast QA 
phantom and the resultant signal to noise ratio in each material correspondingly to each 
geometric perturbation. As it appears that increasing the value of geometric parameters 
decreasing the quality of the image. Edge blurring was appeared due to the impact of 
inaccurate camera tangential offset. Contrast to noise ratio (CNR) was also investigated for 
the normal and distorted image that were collected from calibrated and uncalibrated scanners. 
As seen in Figure 5.12, the CNR of each material is significantly higher in the normal image 
than the distorted image. Higher energy bin shows higher CNR except for Au:8 mg/ml. 
Line profiles were measured to see the existence of edge blurring from the normal and 
distorted images. An oblique line was drawn across the central vial of the phantom. Figure 
5.13 shows line profiles of normal and distorted images in different energy bins. The two 
sharp peaks represent the edge of the blurring and sharp edge is clear in each energy in case 
of the normal image. However, multiple peaks appear for the distorted image that indicates 
multiple blurring on the reconstructed image. 
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Subtracted and difference images were produced from the normal and distorted image. 
Figure 5.14 shows the line profile across the center vial for subtracted and difference images. 
This graph shows the difference between the normal and distorted image as well as the 
blurring around the central vial in the subtracted and difference image. The distorted image 
was differentiated from the normal image (calibrated image) to see the change between the 
normal and distorted image in the different slice at lower and higher energy in Figure 5.15 
and Figure 5.16. 
Figure 5.17 shows the axial anatomical reconstructed view of the normal image in different 
slices at different energy bins. All images are showing clear representation of each vial 
except third energy bins. Figure 5.18 shows the coronal view of the normal image of the 
multi-contrast QA phantom. Figure 5.19 shows the clear sagittal view of the reconstructed 
normal image of the QA phantom in the different slice at different energy bins. 
Figure 5.20, Figure 5.21 and Figure 5.22 show the axial, coronal and saggital view of the 
distorted image in different slice at different energy bin to identify image blurring in different 
anatomical plan. 
The impact of geometric misalignment on material decomposition (MD) was also 
investigated. The term material decomposition refers to the identification and classification 
of distinct materials within a volume that means it converts the spectral x-ray data into 
material based images. The concept that spatial distortions will lead to severe distortion in 
the material information is effectively demonstrated is in Figure 5.23, where the material 













Figure 5.5 Mass attenuation profile of different materials at different energy bin under 






Figure 5.6 Attenuation profile of the different material in Hounsfield unit at the different 





Figure 5.7 The response of linear attenuation of each material across the total number of 






Figure 5.8 Histogram of linear attenuation of different materials across the total 
number of voxel within (ROI) at the calibrated scanner. 
 
 
Figure 5.9 Histogram of linear attenuation of different materials across the total 






Figure 5.10 Histogram of relative attenuation of different materials across the 
total number of voxel within (ROI) at lower offset value. 





Figure 5.11 Impact of geometric misalignment in reconstructed images. Small geometric 
misalignment between camera and source can cause image distortion in the reconstructed 
images. The value of camera tangential offset were chosen randomly to see the level of 








Figure 5.12 Contrast to noise ratio (CNR) of different material at different energy bin in 
the normal image and distorted image. CNR is significantly higher in the normal image 











Figure 5.13 Line profile of gray value across the central vial of the normal image (a), 
the corresponding plot of the line profile (b) and distorted image(c) that shows 
multiple blurring and corresponding line profiles of the distorted image in (d) shows 

























Figure 5.14 Line profile of gray value of subtracted and difference images at 




















































Figure 5.17 Axial reconstructed view of the normal image of multicontrast 


















Figure 5.18 Coronal reconstructed the view of multicontrast QA phantom 






























Figure 5.19 Saggital reconstructed a view of the normal image of 























Figure 5.20 Axial reconstructed view of the distorted image in the 





















Figure 5.21 Coronal reconstructed view of multi-contrast QA phantom in the different 






























Figure 5.22 Saggital reconstructed view of multicontrast QA phantom in the different 






















In this study, a preliminary method was developed for a spectral image library using the 
image of multi-contrast phantom. The impact of geometric misalignment on the 
reconstructed image was studied by perturbing different geometric offset parameters to 
investigate spatial image error. 
Initially geometric parameters such as camera tangential offset were used to demonstrate the 
concept. To create the spectral image library a multi-contrast phantom was scanned in the 
calibrated and uncalibrated scanner to create the pair of normal and distorted images for each 
perturbation. Initially, camera axial and camera tangential offset were perturbed with 
different values. It was observed how the spectral signal from different materials is being 
degraded under the effect of the perturbation. The signal to noise ratio was degraded in an 







Figure 5.23 (a) Material image at calibrated scanner (Image courtesy: MARS 








effect of inaccurate camera tangential offset. The blurring was measured by plotting the line 
profile across the central vial of the phantom. The contrast to noise ratio (CNR) in each 
material also degrades due to the spatial image error in case of the distorted image whereas 
the value of CNR is significantly higher in each material for the normal image. The image 
differencing technique was applied to evaluate the change between normal and distorted 
image. The image subtraction technique was used for evaluating the difference between 
normal reference images and those with the induced error. The linear attenuation response 
in each voxel corresponding to a region of interest (ROI) was observed. It is also found that 
the attenuation response is mostly skewed in the case of the distorted image, whereas the 
attenuation response is symmetric in case of a normal image. It was also found that how 
much spatial error degrade the energy information by spreading the energy information of 
one voxel into neighboring voxels. 
 
 The novel feature of this investigation is to find out the relationship between geometric 
information and the energy information and implication for material reconstruction.  An 
important concept investigated is that the information in the energy domain of spectral CT 
images is linked to the spatial domain. Consequently, if there are spatial artifacts in the 
reconstructed images, there will be a corresponding distortion in the energy information. The 
spatial information can be considered to be the total linear attenuation in a given voxel, which 
is the information provided by conventional CT scanner. The energy information is the linear 
attenuation for each of the available energy channels in each voxel. It was observed that how 
spatial distortions create severe distortion in the material information due to the effect of 
camera tangential offset. 
Circular ring artifact produces due to the gap between the chips, faulty chip or faulty pixels 
or miscalibration of the detector elements. Edge blurring was reduced by correcting camera 
tangential offset. Ring artifact was also reduced by changing the arbitration counter above 
the noise floor, proper pixel masking and performing energy calibration. The method of 
estimating different geometric offset of MARS scanner is discussed in chapter 6. 
 
5.7 Summary 
 A spectral image library was created to see the impact of spatial image error in the 
reconstructed image of the multi-contrast phantom that incorporates different high-Z 
materials. 
 
 The main source of image error for MARS scanner is are spatial image and spectral 
image error. The spatial and spectral image error produce from geometric 
misalignment and poor energy calibration of the detector elements respectively. In 
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this study, spatial image error was investigated by perturbing the inaccurate value of 
the geometric parameters. 
 
 The effect of inaccurate camera tangential offset occurs edge blurring in each vial of 
the reconstructed image. 
 
 Small geometric misalignment between the camera and source cause image distortion 
in the reconstructed image. The small value of tangential offset can degrade the SNR 
value. 
 
 The contrast to noise ratio of each material is decreased in each energy bin in case of 






















This chapter demonstrates a method to estimate the geometric parameters of the MARS 
scanner. In this study, a geometric calibration method was developed that allows measuring 
the offset of different geometrical parameters which can then be corrected during image 
reconstruction. Accurate geometric calibration through a systematic approach is necessary 
to minimize the image artifacts, and as a consequence enhances the capability of the MARS 
scanner in material identification and quantification. Geometric calibration is also important 
in order to minimize image error as well as achieve good image quality. The reason for doing 
this work was to develop a robust geometric calibration method that could be used to measure 
the alignment error and allow for their correction during image reconstruction. 
Computed tomography has been a revolutionary contribution to medical imaging and also 
has been successfully used in industrial non-destructive testing. The image quality and spatial 
resolution of the CT scanner is affected by image blurring, ring artifacts, and beam 
hardening. Image artifacts are is produced due to geometric misalignment of the x-ray source, 
object, and detector. In an ideal cone-beam CT, the x-ray focal spot, the center of rotation of 
the system and the center of the detector are in a straight line. However, in practice, it is 
nearly impossible to avoid any misalignment in the CT system. Even a small error in the 
estimation of any parameter causes visibly detrimental effects on the reconstructed image, 
which was shown in chapter 5. 
Many methods have been proposed for geometric calibration of CT scanners. Geometric 
calibration methods can be classified into two categories: one phantom-based offline method 
and another is phantom-less online method [54, 55, 56, 57] Lorenz von Smekal et al. [58] 
presented a high-precision method to determine the complete misalignment parameters based 
on Fourier analysis through multiple projection images. Yi Sun et al. [59] proposed a method 
to calculate geometric parameters using a ball bearing phantom. 
A geometric calibration method was developed for MARS scanner that was used a line 
phantom to measure the magnification, chip gap, camera offset (axial and tangential) and 
chip orientation.  While the aim was to measure all geometrical parameters as accurately as 
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possible, a measurement accuracy of ±10 μm for most of the parameters was targeted.  A 
key feature of this method is to measure the geometrical parameters from the projection 
images so that they are unlikely to be biased by possible errors in the reconstruction methods. 
 
6.2 Phantom design 
In this study, a line phantom that was designed and developed by MARS bioimaging that 
was used to perform the geometrical calibration in different MARS scanners. The line 
phantom incorporates fiberglass with thin copper tracks coated with a few microns of gold. 
This phantom consists of different diameters of copper tracks which follow a special pattern 
that allows measurement of the geometrical offset with the accuracy of a few microns. As 
shown in Figure 6.1, the plastic circuit board (PCB) is 1.5 × 89.8 × 120 mm3 with the 
vertical, horizontal, and diagonal patterns; and track centers are 500 𝜇m apart. A series of 














Figure 6.2 Side-view of the PCB line phantom. 
 
 
6.3 Materials and method 
To measure the geometrical parameters using the line phantom, the following steps are are 
performed: (1) measurement of the angular offset between gantry and line phantom; (2) 
measurement of sample x offset; (3) measurement of radial offset of the x-ray tube and 
detector; (4) measurement of camera x-ray tube axial and tangential offsets, chip X and chip 
Y, and chip rotation. 
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6.3.1 Measurement of angular offset between gantry and line phantom 
The phantom surface was aligned parallel to the detector so that it is aligned perpendicular 
to the x-ray. For this purpose, the line phantom is mounted on the sample holder and then 
the gantry is rotated as follows: 
Rotate the gantry 90°and cotinue changing the gantry angle by a few degrees while tracing 
the shadow of the edge of the line phantom on the image. In a single gantry angle, the shadow 
of the line phantom has minimum thickness where the gantry is perpendicular to the phantom 










6.3.2 Measurement of sample-x offset 
The sample-x in the MARS GUI needs to be adjusted to ensure that the sample (line 
phantom) is located at the center of the rotational axis (Figure 6.13). To do this, the gantry 
was rotated by  𝜃𝑝 + 90 − 90
° and once 𝜃𝑝 + 90 − 90
°. It is expected that the image of the 
copper edge (Figure 6.2) in 90°gantry rotation, is overlapped by the shadow of the same 
coper edge in −90°gantry rotation as shown in the right image of (Figure 6.4). However, the 
image of the copper edge (copper teeth) at 90° may be displaced from the −90° due to 
unadjusted sample x which is shown in the left image of (Figure 6.4). The distance between 
these two edges in the projection images needs to be measured and corrected in the sample 
x offset. The corrected image is shown in (Figure 6.5). 
 
 
Figure 6.4Two fused projection images collected in 90°and −90° showing the top view of 
the line phantom. The gap between the two copper teeth shown in the left side image 
indicates the presence of a sample-x offset (-0.6 mm) which was then applied and the right 








Figure 6.5 Two fused projection images collected in 90° and −90° showing the top view 
of the line phantom with the corrected sample-x offset. 
 
6.3.3 Measurement of radial offset of the x-ray tube and detector 
The radial offset is either in the source to object distance (SOD) or in the object to detector 
distance (ODD) which can be measured by varying these variables and measuring the actual 
magnification. Every two sets of magnification measurements are used to solve the 
simultaneous equations and find the radial offset with respect to the values set into the MARS 











  (6.1) 
 
 
where, M is magnification. I and Í are the object size and image size, respectively. 
To make each set of equation, the measured magnification (Meas. M) is used as a known 






Number of copper tracks on the image × 110μm





6.3.4 X-ray tube magnification 
It is possible to change the x-ray tube magnification by setting different SODs on the MARS 
GUI. To obtain the highest contrast between the copper tracks and fiberglass, low tube 
voltages needs to be used. The exposure time and tube current need to be set to ensure that 
the detector is operating in the linear range as well as acquiring significant counts. To reduce 
the uncertainty the counts, acquiring at least 1000 frames is recommend. Four to six steps 
are also recommended from the minimum SOD to the maximum SOD. The gantry offset and 
sample-x that were calculated from the previous steps are also set into the MARS UI. A mid-
range of the ODD is recommended such as 70 mm. The energy threshold of 15 keV for the 
first is sufficient to collect enough counts. However, the measurement of other counters in 
this threshold can be set later to reduce the uncertainty over the geometrical offset 
measurements. A series of projection images are required as listed below: 
1. Projection images from the line phantom at 4 to 6 steps at 0°. 
2. A series of open beam images with the same setting mentioned above 
for  0°. 
3. Projection images from the line phantom at 4 to 6 steps at 180°. 
4. A series of open beam images with the same setting mentioned above for 
180°. 
The x-ray tube magnification is only changed in step 4, while the detector magnification may 
need to be set for specifically measuring the offset parameters for each x-ray source and 
detector. 
6.3.5 Data pre-processing 
To analyze the data and measure the geometrical parameters, the projection images obtained 
from the line phantom are summed across all frames at each SOD and divided by the 
corresponding summed open beam images. 
6.3.6 Magnification measurement in MARS-16 
Magnification can be measured from each row of projection images obtained from the line 
phantom. It is expected that the measured magnification across all rows of the projection 
image are the same with low standard deviation. However, the magnification measured from 






Figure 6.6 A normalized image from the line phantom acquired from MARS-16. The 
highlighted row is demonstrated in (Figure 6.7) to explain the magnification measurement. 
 
A series of projection images were acquired from a line phantom using MARS-16 and 
normalized by corresponding open beam images. Figure 6.6 shows a normalized projection 
image for SOD=155 mm and ODD=70 mm. Figure 6.7 shows the response of the pixels 
across a single row (#228) of the image shown in Figure 6.6. The troughs show the x-rays 
absorbed by the copper tracks coated by gold on the fiberglass, whereas the peaks show the 








Distance between two given copper lines







The distance from the half of a trough on the left side of the image to another trough to the 
right side of the image is calculated. These two troughs are marked on Figure 6.7 by two 
vertical dash lines which are spaced 6168 𝜇m from each other.The pattern between two 
troughs is also traceable on the line phantom which indicates the distance of 4000 𝜇m (8 ×
500 𝜇m) between them on the phantom. Using the SOD and ODD set to the MARS GUI, 
the expected magnification is 1.45 which is 6% less than the measured value. This 
discrepancy can be reduced to 0.06% if each of x-ray tube and camera radial offset is 
corrected by -4 mm and 12 mm, respectively. 
 
 
Figure 6.7 Recorded counts in one row of the normalized image (Figure 6.7). The color 
columns show the pattern of the copper lines. 
 
6.3.7 Chip Y 
Chip Y represents the y-axis of each chip where the origin of coordinates of the mounting 
plate is considered to be is at the top left corner of the first chip (Figure 6.8). The first step 
is to measure the gap between the top and middle chips and the middle and bottom chips by 
tracing the pattern of the copper tracks on the projection image and comparing with the actual 
pattern. Figure 6.8 demonstrates the position of the chip gap and the region of the grid image 
that is considered in this particular example shown in (Figure 6.9). Two parts of 𝑎?́? and 
𝑏?́? are involved to calculate the gap between chip A and chip B, and two parts of 𝑐𝑐 ́ and 
𝑑𝑑 ́ are involved to calculate the gap between B and chip C. A single column of this grid 
image is demonstrated in Figure 6.9 alongside the measured value for each part. The gaps 





Gap AB = ab, on the phantom − (
aa, on image
magnification of chip A
+
bb, on image
magnification of chip B
)





Gap BC = cd, on the phantom − (
cc, on image
magnification of chip B
+
dd, on image
magnification of chip C
)




YA (for the top chip) is zero with respect to the origin of the coordinates mentioned above. 
YB and YC are also calculated from the following equations: 
 YB = chip size + gap between chip A and chip B 




 YC = YB + chip size + gap between chip B and chip C 

























Figure 6.8 A normalized image from the line phantom with the indication of aa', bb', cc', and dd' that 
are used to calculate the gap between chip A and B and chip B and C, respectively. 
 
6.3.8 Chip X 
The horizontal positions of chip A and chip C are calculated with respect to the middle chip. 
Two approaches can be considered to calculate the chip. A single row near to the edge of 
each chip is selected and compared to a single row of the adjacent chip as shown in Figure 
6.10. The first pair of rows from chip A and chip B are plotted in (Figure 6.11). This shows 
that the top chip needs to be shifted by half a pixel (55 um) towards the left. The second pair 
of rows from chip B and chip C are plotted in Figure 6.12 which indicates a displacement of 








Figure 6.9 Normalized count vs. pixel index across a column between passing through the 
horizontal copper lines. 
 
 
Figure 6.10 Normalized projection used to calculate the horizontal position of chip A and 




6.3.9 Tangential offset 
The x-ray source and the camera may not be aligned. Performing step 3 of the measurement 
procedure will indicate if the center of the ray passes through the center of the camera or not. 




Figure 6.11 The normalized count at pixel index across the adjacent row of chip A and 




Figure 6.12 The normalized count at pixel index across the adjacent row of chip B and 
chip C; showing that bottom chip needs to be shifted by half a pixel towards the right. 
 
It is worth noting that these offsets can be either from the camera or x-ray source. Currently, 
such relative misalignment is corrected on the camera side only.  However, further 
measurement is required to identify the geometric offset of x-ray tube and detector. Camera 
tangential offset (CTO) is measured from the comparison between the projection images of 
the line phantom obtained at 0°and 180°as shown in Figure 6.14. Furthermore, the projection 
data acquired by changing the x-ray tube radial distance (SOD) can also be used for 
tangential offset which will be explained later. Both methods of CTO measurements are 








 CTO calculation using projection images of 𝟎°and 𝟏𝟖𝟎°. 
  
In the first method of CTO calculation, the projection image obtained from 180° is flipped 
up to down in order to be matched with the real camera position as demonstrated in Figure 
6.13.Then, the flipped projection image shown in Figure 6.14 is compared with the projection 
image at 0°. There are several identification marks on the line phantom which enables the 
user to trace the camera displacement (D) at 180° as compared to 0. The camera tangential 














Figure 6.13 The source position (SPOS) and camera position (CPOS) at 0° and180°. In 
MARS scanner, the object is fixed at the rotational axis (O), while rotating the source and 




 Second method of CTO calculation 
 
The projection images obtained from different x-ray tube magnification can be used to 
measure the tangential offset. The idea behind this calculation is to trace the position of the 
straight line to the camera. By changing the magnification, sizes of the copper tracks on the 
image are changed except that the image of those copper tracks being formed by the 
perpendicular rays (or nearly perpendicular) to the phantom plane and detector. 
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Figure 6.15 is obtained by summing of all projection images across different x-ray source 
radial distances/SODs. In this figure, the horizontal lines look sharp only around a region in 
the right side of the central chip. To accurately calculate the tangential offset, the same 
column of the projection image at each SOD is selected and compared with each other. As 
shown in Figure 6.16, the minimum variation can be observed at pixel 176 which indicates 
the main horizontal perpendicular line passes through row 176. Identification of the position 
of this perpendicular row allows us to measure the camera tangential offset. This offset can 
be measured from two different reference points; either with respect to the center of the 




Figure 6.14 Projection images of a line phantom at 0°and 180°showing the displacement 





















Figure 6.16 Superimposition of the normalized counts of a single pixel column across all 
projection images obtained in different x-ray tube magnifications. 
 
6.3.10 Axial offset 
Horizontal differences between the position of the perpendicular ray to the center of the 
camera (central chip) is known as the axial offset in cylindrical coordinates (Figure 6.15). 
As mentioned before, this offset can be due to misalignment of either x-ray tube or detector. 
However, this relative misalignment is currently corrected on the camera side.  
To measure the camera axial offset (CAO), the row that was already labeled with minimum 
variation in tangential offset measurement (176 in the above example) is assessed across 
datasets with different x-ray tube magnifications. Figure 6.17 shows how the image of the 
copper tracks converged around pixel No. 38 and then diverged gradually as a result of 
magnification. Therefore, the most perpendicular ray pixel was detected by No. 37 so that 
37 could be a good approximation for the position of the perpendicular ray. The axial offset 
is then calculated by the following formula: 
 CAO = (Center of the width of projection image







Figure 6.17 Superimposition of the normalized counts of a single pixel row across all 
source magnifications. The arrow pointed where the superimposed signal have less 
variation. 
 
6.3.11 Chip rotation 
It is likely that the chip is mounted with a slight tilt on the mounting plate. The amount of 
the tilt needs to be measured in the x-y plane and corrected in the mechanical configuration 
file of the camera. 
To measure the rotation of each chip, a column of the projection image is assessed that passes 
through the edge of a copper line located near to the vertical stationary ray (i.e. the vertical 
stationary ray was identified to be matched with column 37 in the previous example). As 
shown in Figure 6.18, tracing the fitted line to this column at each chip enables us to identify 
if there is any rotational angle difference between three chips. Figure 6.18 show how the 
























 Geometric calibration of CT scanner is very important in order to achieve good image 
quality and spatial resolution. In this proposed method, all possible geometric 
parameters related to the x-ray source, object and camera were evaluated using line 
phantom. 
 Seven geometrical parameters such as angular offset between the gantry and line 
phantom; sample x; radial offset of the x-ray tube and detector; camera and source 
axial and tangential offsets; chip x, chip y, and chip rotation were estimated using 
line phantom. 
 Results show that the vertical position of the middle and bottom chips were off by 
113 𝜇m and 344 𝜇m, respectively. Furthermore, there was no significant skewness 
for each chip. The tangential and axial offsets of all three chips (camera) need to be 
adjusted by 1.085 mm and 2.86 mm respectively 
 The magnification varies from 4 % to 6 % with respect to the predicted value using 
the line phantom. 
 A key feature of this method is to systematically measure the geometrical as well as 




7 Study of energy domain measurements 
in repeated scans 
 
7.1 Introduction 
This performance evaluation of the MARS scanner was carried out by measuring the relative 
count rate capability of the Medipix3RX chip in multiple counters and repeated scans. The 
Medipix3RX is the latest modification in the Medipix3 family of chips. It extends 
capabilities of the earlier detectors by including additional operating modes and 
configuration options. There is also an improved energy resolution and charge summing 
allocation algorithm that ensures the removal of the preferential summing effect. The pixels 
of traditional photon counting detectors, such as Medipix2, operate individually without 
using information from their neighbors. This is called single pixel mode (SPM). Traditional 
photon counting detectors suffer from charge sharing effect whereby charge dispersion 
during collection causes multiple pixels to simultaneously count a portion of the total input 
signal, thereby degrading spectroscopic performance. To mitigate this effect, Medipix3 
includes pixel summing and arbitration circuitry that first sums the response from adjacent 
pixels and then allocates the result to the pixel contributing the largest share of the charge. 
This is called charge summing mode (CSM) [60, 61, 62]. 
Medipix3RX also provides multiple counters per pixel. In fine pitch mode, the 55 𝜇m ×
55𝜇m pixels of the sensor and readout layers are arranged in a one-to-one mapping with two 
readout counters per detector pixel. In spectroscopic mode, four Medipix3 readout pixels are 
mapped to one 110 𝜇m × 110 𝜇m sensor pixel thereby providing eight readout counters per 
pixel. Both modes are facilitated with (SPM) and (CSM). Each pixel cell of a Medipix3RX 
ASIC contains an analog section followed by the digital section. In the analog section of each 
pixel cell, it is possible to set the global energy threshold which is transferred via a (DAC) 
into a reference voltage. If the voltage pulse height of a collected charge in a pixel after 
amplification is higher compared to the energy threshold DACs, the counter in the digital 
part of the corresponding pixels gets incremented. The energy threshold DACs is adjusted to 
select the range of photon energies that will be counted. Counting photons with user 
adjustable energy threshold DACs allows the hybrid pixel detector to be used as an energy-
resolving detector [1]. However, due to manufacturing variations, the counter thresholds vary 




Before acceptable images can be acquired it is necessary to equalize the counter thresholds 
so that each pixel is sensitive to pulses of the same minimum height. Random variations in 
the performance of pixel threshold detectors are a well-known characteristic of photon 
counting radiation detectors. 
For this reason, it is normal to include adjustable corrections to each threshold detector in 
each pixel of these detectors [63]. One of the challenges in the development of photon 
counting spectral computed tomography is that the location of energy thresholds tends to 
vary among the detector elements. If not compensated for, this threshold variation leads to 
ring artifacts in the reconstructed images. Mats Pearson et al demonstrated a framework for 
evaluating threshold variation compensation methods in photon counting detector. They 
conclude that the effects of threshold variation can be countered to a large extent by the 
subtracting each detector element into the depth segments [43]. 
In this study, the relative count performance of different charge summing counter was 
evaluated with respect to the arbitration counter to investigate threshold drifting in repeated 
scans. 
7.2 Materials and methods 
In this section, the experimental setup for relative count measurement of the different counter 
with respect to the arbitration counter is discussed in details. 
7.2.1 Measurement of count rate capability 
To evaluate the count rate capability of different chips with respect to the arbitration counter, 
six back-to-back air scans were performed to collect raw images using MARS-15. 
7.2.2 Experimental setup for count measurement 
Six back-to-back air scans were performed in MARS-15 that utilized a polychromatic x-ray 
source (Model SB-120-350-GW-157, Source ray SB-125-350.SN:157) and a seven chip 
MARS camera (CZT-7x1-5.4-SN208-CZT:3RX-7chips) to evaluate count of each CSM 
mode with respect to the arbitration counter. The energy threshold was split into eight energy 
bins over the polychromatic x-ray spectrum (120 kVp). The chip was bonded to the CZT 
sensor layer and a pixel pitch of 110 𝜇𝑚 each with eight simultaneous threshold counters, 
four of which utilize real-time charge summing to significantly reduce the charge sharing 
between contiguous pixels. A protocol was created that included the tube voltage of 120 kVp, 
tube current of 25 𝜇A, exposure time of 100 ms, and 1.96 mm aluminum filtration. Source 
to object distance (SOD) and Object to detector distance (ODD) were 280 mm and 200 mm 
respectively. Eight energy bins were set to 22.9 keV, 42.9 keV, 54.9 keV, 70 keV,74 keV, 
77 keV,78 keV in spectroscopic mode. Before the actual acquisition of count rate, the x-ray 
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tube was activated for 20 seconds to warm up for ensuring the x-ray flux output was stable. 
Figure 7.1 shows the interior diagram of the MARS-15 during air scanning. The raw image 
of the seven chip MARS camera at different counters is presented in Figure 7.2. 
 
 





Figure 7.2 Reconstructed image of the seven chips MARS camera at different counters. 
The red rectangular region of interest (ROI) was chosen in each chip to calculate the count 
in each counter. 
 
7.3 Results 
The results of this experiment show the inter-scan count variation across the total number of 
the frame of the raw image. Figure 7.3 and Figure 7.4 shows the results of the relative count 
variation in different chips of two successive scans out of six back-to-back air scans. The 
relative count of each (CSM) counter was measured with respect to the arbitration counter. 
From both figures, it is clear that chip 4 shows the higher value of relative count in counter1, 
counter2, and counter3. The measured relative count rate was averaged over a selected region 






Figure 7.3 The relative count rate of the different (CSM) counters with respect to 














Figure 7.4 The relative count rate of the different (CSM) counters with respect to 
arbitration counter in each chip during the last scan. 
 
Figure 7.5, Figure 7.6 and Figure 7.7 show the inter-scan variation of relative count in 
different counter at chip1, chip4 and chip7 in each scan. This results is shown to see the 
temporal count variation in different counters with respect to the arbitration counter. If the 
kVp is stable but the count of each CSM counter with respect to the arbitration counter 
changes over time then it indicates threshold drifting may exist over the entire x-ray 
spectrum. From these figures, it is clear that the relative count of each counter changes over 
the time during back-to-back scans and indicating the existence of threshold drifting. Figure 
7.8 and Figure 7.9 show the histogram of the relative count in the top and bottom chip. All 
histograms were approximately normally distributed and tightly clustered about the mean 





Figure 7.5 The relative count in each scan of the different counter at chip1.The variation 




Figure 7.6 The relative count in each scan of the different counter at chip 4.The variation 





Figure 7.7 The relative count in each scan of the different counter at chip 7.The variation 





Figure 7.8 Rawimage histograms showing the distributions of relative counts in different 





Figure 7.9 Rawimage histograms showing the distributions of relative counts in different 
charge summing counter in case of chip 7. 
 
7.4 Discussion 
This chapter investigate the count rate stability and uniformity of the MARS scanner. To do 
that, temporal stability of the Medipix3RX chip was investigated by measuring the count rate 
capability of each chip. The reason for doing this investigation was to see the temporal count 
variation in each chip and investigate count information in each energy counters. Initially, 
the relative counts over time of each chip and counter with respect to the arbitration counter 
was measured. It was noticed that there exist a significant fluctuation of the measured relative 
count in each chip at the different scan. The middle chip showed the higher count rate than 
other chips. The relative count rate in each counter is decreased by increasing the number of 
back-to-back air scans that indicates that temporal count variation exists in each chip in 
Figure 7.5 to Figure 7.7. The variation in the ASIC temperature during the first 7-10 minutes 
could be the possible reason for the variation in counts with time [64]. It is also expected that 
such temperature rises could change the energy threshold for each counter and which 
ultimately changes the energy response of the detector. 
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The relative count variation over time shows that the energy threshold is not stable and 
further work need to be done to eliminate this instability. It can be seen in Figure 7.3 and 
Figure 7.4 there is a high degree of corelation between ASIC and energy thresholds e.g. the 
count spikes occures simultaneously in each plot. Sources of variation consistent with this 
pattern include x-ray flux variation, bias voltage variation, and common mode electronic 
noise affecting the ASIC analogue circuits. The difference in relative counts between chips 
is greater than the temporal variation for a single chip. This suggests it may be possible to 
improve energy calibration using this type of measurements. This thesis is the first to report 
these measurements using a multi-sensor camera. 
This study was performed at room temperature on same day with the same experimental 
parameters. Zuber et al [65] explained that the overall count rate fluctuation is a function of 
temperature instability of the spectral CT scanner. Therefore, the temperature fluctuations 
most probably induce a shift in the effective threshold position. This photon-counting 
detector is currently subject to various effects that limit its count rate capability. In general, 
all these effects arise either from the sensor or from the ASIC. One of those effects that rise 
from the sensor is polarization which is caused by insufficient charge transport properties of 
the sensor materials employed [53]. 
7.5 Summary 
 The stability of the Medipix3RX photon counting detector in MARS scanner was 
evaluated by measuring the relative count rate with respect to the arbitration counter. 
It was assumed there might exist threshold drifting over the x-ray spectrum based 
upon this preliminary investigation. 
 
 The count rate of each charge summing mode was evaluated across the total number 
of the frame with respect to the arbitration counter to investigate the threshold drifting 
over the entire x-ray spectrum. 
 
 The relative count significantly decreases when increasing the number of air scans 
where indicates temporal instability in the MARS system. 
 
 
 The effect of operating parameters of the x-ray tube such as: x-ray tube current, tube 
voltage, detector bias voltage, and different DACs along with ASIC temperature 
variation for the same time interval on the detector stability need to be investigated.  
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8 Discussion and Summary 
The work presented in this thesis was carried out of a time when the development of MARS 
scanners was not yet complete and where many technical challenges had not been fully 
resolved. This work has investigated sources of error in images collected from MARS 
spectral CT scanners and has introduced several new calibration techniques to address these. 
Systematic procedures have been developed to characterize the variability of spectral CT 
images using different composite and single materials. Factors such as geometric 
misalignment, detector instability, temperature effects, inter-pixel variation, threshold 
drifting lead to the measurement variation. The optimal spectral imaging performance of the 
MARS scanner is achievable when its geometric parameters accurately incorporate into the 
image reconstruction software. Different coordinate and axis system were identified to 
characterize the geometric parameters of the MARS imaging system. 
 
A spectral image library was developed to investigate the spatial image error due to the 
misalignment of different scanner components. The desire to interpret the effects of different 
types of error on image quality provided the motivation to create a library of spectral CT 
images containing artifacts induced by perturbing selected parameters of the scanner. The 
impact of setting inaccurate value of camera tangential offset (CTO) were perturbed with 
different values to characterize the spatial image error. The impact of wrong (CTO) value is 
edge blurring, not ring artifacts. Edge blurring was observed between the ranges of (CTO) 
value from -0.2 mm to +1 mm. An important concept was investigated throughout this thesis 
is that the information in the energy domain of spectral CT images is linked to the spatial 
domain. Consequently, if there are spatial artifacts in the reconstructed images, there will be 
a corresponding distortion in the energy information. The spatial information can be 
considered to be the total linear attenuation in a given voxel, which is the information 
provided by conventional CT scanner. The energy information is the linear attenuation for 
each of the available energy channels in each voxel. The extent and pattern of attenuation 
across these measurements can be used to identify specific materials and their concentration. 
The concept that spatial distortions will lead to severe distortion in the material information 
is effectively demonstrated is in Figure 5.23, where the material information is shown to be 
almost completely obliterated due to the geometric error. The image subtraction technique 
for evaluating the difference between normal reference images and those with the induced 
error was used in chapter 5. The line profile Figure 5.13 provides a useful graphical method 
to assess the severity of blurring.   
 
 
Following the initial work in creating the spectral image library, Chapter 6 describes 
techniques developed for performing geometric calibration of several key scanner 
parameters. Of these parameters, the camera tangential offset and camera axial offset 
parameters, which describe the position of the detector within the gantry coordinate system, 
were associated with severe image artifacts when perturbed. This geometric calibration 
method was established to reduce the spatial image error. A custom build line phantom was 
150 
 
made to perform the geometric calibration on different MARS scanners. This phantom 
incorporates fiberglass with thin copper tracks coated with a few microns of gold. The copper 
tracks follow a special pattern that allows for measuring the geometrical offset with an 
accuracy of a few microns. It was found the magnification varied from 4 % to 6 % with 
respect to the predicted value using this method. The results also show that the vertical 
position of the middle and bottom chips were off by 113 𝜇m and 344 𝜇m, respectively. 
Furthermore, there was no significant skewness for each chip. The tangential and axial 
offsets of all three chips were adjusted by 1.085 mm and 2.86 mm, respectively. This method 
systematically measures the geometrical offset, as well as speeding up the processing time. 
The calibration methods for these have been used to calibrate several MARS scanner and 
found to be effective. The novel features of this geometric calibration method is to measure 
the all geometric parameters from the projection image at the accuracy of ±10 𝜇m level. 
Figure 5.3 shows a reconstructed image of a spectral phantom obtained from a poorly-
calibrated MARS-CT with inaccurate tangential and axial offsets and how efficiently the 




8.1 Final summary 
 This thesis has investigated measurement errors in both spatial and energy 
dimensions of MARS spectral CT images. 
 An important concept was investigated is that spatial information and energy 
information are intrinsically linked. Consequently, there are errors in the spatial 
domain there will be corresponding induced errors in the energy domain information. 
These will in turn affect the recovery of material information for scanned objects. 
 During the course of this work, several new methods of calibration for MARS 
spectral CT scanners were developed and tested; in particular the geometric 
calibration of camera tangential and camera axial offset parameters.   
 
8.2 Future work 
In future work, spectral image quality can be investigated by scanning a larger object in terms 
of continuous development of different MARS scanners such as arm scanner, head and nick 
scanner. It will also observe how the size of reconstructed data related to the length of 
coverage, memory storage, voxel size, pitch, scan time and gantry rotation per second. 
Scanner calibration protocols and post-processing routines can be improved to minimize 
system and software related artifacts respectively. To quantify the uncertainty in MARS 
spectral imaging system forward and the inverse problem can be used to predict system 
response and parameter detection. This could be developed further to formulate a simple 
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quantitative metric for characterizing total error in spectral CT images. This is potentially 
very useful for automating the calibration process using machine learning techniques to find 
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